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This work investigated individual and geographic variation in life history 
tradeoffs in tree swallows (Tachycineta bicolor) and European starlings (Sturnus 
vulgaris) by examining how breeding females make tradeoffs between current and 
future reproduction. In tree swallows, timing of breeding is a strong predictor of 
reproductive success, with early laying birds tending to have higher fitness than do 
later laying birds. Experimental manipulation of offspring numbers in Ithaca, NY, 
revealed that later-laying females raising enlarged broods showed significantly 
decreased cell-mediated immune responses to phytohaemagglutinin (PHA) and 
humoral responses to sheep red blood cells (SRBC) relative to higher-quality females. 
Nestlings in enlarged broods grew at slightly slower rates, but otherwise nestlings did 
not differ in offspring quality among groups, suggesting tree swallows are willing to 
trade immune self-maintenance for offspring quality.  
The short-term stress of raising enlarged broods had long-term consequences. 
Females raising enlarged broods in year 1 mounted weaker secondary antibody 
responses to SRBC than did control females. Most importantly, females in year 2 that 
showed stronger secondary responses were more likely to return to breed  for a third 
year.  
A brood manipulation experiment was conducted at the extremes of the tree 
swallow range: Alaska and Tennessee. In Alaska, breeding females raising enlarged 
broods increased feeding effort, decreased immune responses and raised offspring in  
 
similar quality to unmanipulated broods. However, in Tennessee, females raising 
enlarged broods did not increase feeding effort and, consequently, did not show 
decreased immune function and raised lower quality offspring. Tennessee females 
returned to breed at higher rates than did Alaska females and maintained higher cell-
mediated responses than did Alaska females, suggesting different resource allocation 
patterns. 
To investigate offspring quality in more detail, a study was conducted to 
examine factors affecting nestling immune response in European starlings breeding in 
New Zealand. A split-nest cross-fostering brood manipulation revealed that nestling 
immune response was influenced by female genetic quality (in part through spleen 
size), maternal effects (in part through temperature conditions), and parental resource 
allocation (through residual body mass). 
Overall, this research adds to our understanding of how individuals differ in 
the tradeoffs associated with reproduction and how these responses can lead to 
geographic differences in life histories.  
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Chapter 1 
 
INTRODUCTION 
 
One of the central notions of life history theory is that there is a tradeoff between 
current and future reproduction (Williams 1966). Generally, this tradeoff is analyzed 
by examining correlations on a population level (Stearns 1992, Golet et al. 1998), with 
an often unstated assumption that individuals respond similarly in similar situations. 
However, individuals vary in their responses to selection pressures associated with 
reproduction, and even subtle variation among individuals in traits such as foraging 
behavior, parasite susceptibility, and body condition can lead to different fitness 
returns and thus different optimal strategies (Williams 1992, Sutherland 1997).  
An individual-based approach to studying life-history evolution can yield important 
insights and help clarify variation within a species in ecology and behavior. Life 
history traits, such as clutch size, reproductive effort and annual survival rates, can 
vary both within and among sites because of spatial differences in such factors as food 
availability, parasite exposure, climatic conditions, nest-site availability, and 
population structure and history (Lack 1954). Differences in environmental conditions 
can influence both the quality of individuals (especially during offspring ontogeny) 
and the costs and benefits of various strategies. I focus on individual quality because it 
is fundamental to phenotypic adjustments and decisions in response to varying 
environmental conditions that explain much of the variation in life histories (Winkler 
1985, Pettifor et al. 1988). 2 
 
In this thesis, I attempt to explore life history tradeoffs from an individual-
based perspective by examining reproductive decisions both within and among 
populations. My approach has been to examine parental tradeoffs between self-
maintenance (especially immune function) and offspring quality in the tree swallow 
(Tachycineta bicolor), a small (18-22g) insectivorous passerine bird. I analyze how 
individuals address the optimal allocation between current and future reproduction by 
varying parental effort.  
 
Variation in the Tradeoff Between Current vs. Future Reproduction 
 
Because reproduction is costly, current investment can reduce future 
opportunities, thus reducing the future value of offspring (Williams 1966; Coleman 
and Gross 1991; Roff 1992; Stearns 1992). The usual focus has been to examine how 
parental investment affects probability of parental survival, however, reproductive 
costs can arise through reducing the quantity of future offspring (Gustafsson and 
Sutherland 1988, Gustafsson and Pärt 1990), or more subtly through diminished 
quality of offspring, such as observed in this study.  
Why would adults differ in the extent of tradeoffs? Parental costs and benefits 
at a given level of effort might be due to factors such as physiological efficiencies, 
immunocompetence, foraging ability, past experience, and age. Consequently, 
individuals investing similar amounts of energy may not receive the same benefits nor 
pay the same costs. One of the most important roles for experiments in life history 
studies is to break the positive correlations among traits that arise from large 
differences in quality (Partridge and Harvey 1988, Winkler and Wilkinson 1988).  
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Variation in Individual Quality 
 
Quality, as used here, is a combination of traits that provide an individual with 
high reproductive success in a given set of environmental conditions. Some of the 
traits that compose quality may vary temporally, such as body condition, immune state 
and foraging ability, while others may be genetic, such as major histocompatibility 
complex (MHC) diversity and physiological efficiencies. Therefore, interactions 
between quality and reproductive effort are a feedback loop, with quality affecting 
reproductive decisions and in turn being affected by them. I believe that addressing 
individual differences explicitly can help explain and unify our understanding of life 
history variation. 
Timing of breeding is an excellent example of quality revealing both constraint 
and strategy. Clutch initiation date is the most important predictor of reproductive 
success in tree swallows (Winkler and Allen 1996); birds breed as early as possible, 
but the factors that determine when an individual breeds are a complex interaction 
among ecological constraints, past experience, and the intrinsic quality of the 
individual. In my research, I use the clutch initiation date of breeding females as one 
measure of their quality, under the assumption that birds that breed earlier do so 
because they are intrinsically more able to do so than birds that breed later.  
 
Tree Swallow Life History 
 
The tree swallow is a cavity nesting migrant in the family Hirundinidae that 
breeds across much of North America from the Arctic to southern California and 
northern Mississippi and Alabama. It is primarily an aerial insectivore and takes 
insects on the wing during long foraging flights. The tree swallow has many qualities 4 
 
that make it ideal for use in this study. Tree swallows are secondary cavity nesters, and 
thus are dependent on other species to create their nest cavities. This leads individuals 
to be competitive and tenacious in nest defense, with the consequence that they 
tolerate a high level of handling and manipulation. Because breeders don’t maintain 
feeding territories, food should be similar or at least equally available for all pairs in a 
local area, such that variation in foraging returns should be based more on individual 
decisions and quality and less on local-scale variation in food availability. Females in 
their first breeding season can be differentiated by plumage (Hussell 1983) to control 
for age effects in analyses. In addition, tree swallows across much of their range raise 
only one brood per year, so there will be no intraseasonal tradeoffs to confound 
interpretations of breeding decisions.  
 
European Starling Life History 
 
The European starling is a cavity-nesting member of the family Sturnidae 
native to Europe and central Asia that has been introduced to North America, 
Australia, Argentina, South Africa and New Zealand (Feare 1984). Starlings are 
mostly ground-foragers and are omnivorous, and they prefer short-cut pasture grass. 
Breeding females are highly synchronous in clutch initiation, a feature handy for the 
research conducted in Chapter 5 (Feare 1984). Both parents feed young and males 
may contribute to incubation (Feare 1984). 
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Geographic Variation 
 
Geographic differences in life history traits could be due to differences in 
underlying environmental variables. These patterns are most pronounced among 
species, especially between tropical and temperate birds. However, in widespread 
species, a broad range of environmental conditions might be expected to lead to 
different selective regimes and different life history traits (e.g. egg size, Encabo et al. 
2002; molt, Hemborg et al. 2001; energy expenditure, Sanz et al. 2000; metabolic rate, 
Wikelski et al. 2003). However, even though Lack (1954) proposed the importance of 
comparing populations, surprisingly few studies have examined intraspecific life 
history tradeoffs experimentally, except in the context of differences in clutch size 
(Young 1996). 
Because they breed across such a broad range, tree swallows make an excellent 
study species to examine geographic variation in tradeoffs. Accordingly, I have 
investigated tree swallow reproductive behavior at three sites across the tree swallow 
range: (1) Ithaca, New York (NY), located centrally in the range; (2) Eastern 
Tennessee (TN) near the southern edge of the range where birds nest along Tennessee 
Valley Authority reservoirs, an area tree swallows have been colonizing only over the 
last 30 years (Lee 1993); and (3) Fairbanks, Alaska (AK) at Creamer’s Field 
Migratory Wildlife Refuge, at the northern edge of the range (Fig 1.1). All sites have 
between 80-200 pairs of swallows breeding in nestboxes. Sites might be expected to 
vary in the following variables: 
 
(1) Thermal conditions both for nestlings and for adults influence rates of energy 
expenditure and energetic returns (McCarty 2001). Temperature decreases with 
increasing latitude, but the temperatures when tree swallows breed do not follow 6 
 
the same pattern. In AK, pre-laying temperatures are no lower than in TN or NY 
(Fig. 1.1). Temperature directly affects nestling demand (McCarty and Winkler 
1999), which in turn influences both parental effort and nestling growth, and 
possibly immunocompetence. 
(2) Time available for foraging. Across my three sites, time available for foraging 
ranges from a maximum of 22 hours in AK to a minimum of 12 hours in TN. 
When more time is available for foraging, individuals may increase time spent 
foraging but either maintaining the same amount of total daily effort or increasing 
daily effort along with activity time; parents of different quality are likely to vary 
in their foraging behavior.  
(3) Prey availability, which is a nonlinear function of prey abundance and prey 
behavior, is strongly influenced by weather. Because tree swallows are obligate 
aerial insectivores, they are strongly dependent on weather to maintain prey  
      availability (McCarty and Winkler 1999); many aerial insects have a threshold      
      temperature required for activity.  
(4)  Distance to migration sites: Tree swallows tend to winter in the extreme southern  
      US and Mexico. Thus, birds breeding in Alaska make longer migratory flights to 
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Figure 1.1 Change in mean daily daytime temperatures across the range of the tree 
swallow at the three research sites. A = average date of arrival, E = average date of 
egg-laying 
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wintering grounds and return to breeding grounds. The energy expended during these 
flights, as well as possibly increased predation risks and weather-induced mortality, 
may be considerable. 
 
The Immune System 
 
The strength and responsiveness of the immune system has been used as both a 
measure of quality and a cost of reproduction (Gustafsson et al. 1994, Saino and Møller 
1996). The ability to fight infection and parasites is important to survival, but it is also 
costly, so when experimentally forced to shift allocation (e.g. energy, nutrients) from 
parental immune strength to parental provisioning of offspring, reduced immune function 
can affect parental survival, thus enforcing a tradeoff between the prospects of offspring 
and parent (Norris and Evans 2000).  
There is strong evidence that the effort associated with reproduction can reduce 
immune function, either directly through competitive resource allocation within the 
soma or through stress-related immunosuppression (Apanius 1998a,b). The general 
approach has been to modify parental effort, either through modifying offspring 
demand (as in this study) or by handicapping parents. A manipulation of parental 
effort leads to changes in either antibody production (this study, Hasselquist et al. 
2000), antibody responsiveness (Deerenberg et al. 1997), or parasite levels (Norris et 
al. 1994), as well as leading to decreased reproductive output. This suggests that the 
cost of mounting an immune response is high (Ilmonen et al. 2001). Working with tree 
swallows in Ithaca, Hasselquist et al. (2000) found that humoral immunocompetence 
(antibody response to keyhole limpet hemocyanin) was correlated with laying date, a 
strong indicator of individual quality. 9 
 
Reproductive effort generates returns through increases in offspring quality, 
possibly through nestling immunocompetence and nestling immune function is heavily 
dependent on intake of resources. Glick (1981, 1983) found energy intake affected both 
humoral and cell-mediated immunity in poultry chicks and Lochmiller et al. (1993) 
reported that bobwhite chicks (Colinus virginianus) fed on a low protein diet had lower 
cell-mediated immunity. But how nestlings are affected by modifying parental effort 
should differ based on parental quality. For example, Great tit (Parus major) nestlings 
only showed a decreased immunocompetence when their original clutch size was small, 
suggesting a parental quality effect, as clutch size and parental quality are tightly linked 
(Hõrak et al. 1999). In general, nestling immunocompetence is positively related to 
nestling growth (Apanius 1998b), as well as parental feeding rate and overall effort (Saino 
et al. 1997, Hoi-Leitner et al. 2001).  
In my research, I measured immunocompetence in both breeding females and 
nestlings using three measures of immune strength: (1) primary humoral antibody 
production of breeding females in response to an injection of sheep red blood cells, SRBC 
(chapters 2 and 4), (2) secondary humoral antibody production following reexposure to 
SRBC measured in breeding females captured in subsequent years (chapter 3), (3) a more 
generalized cell-mediated lymphocyte response (T-cell response) following 
immunochallenge with the mitogen phytohaemagglutinin (PHA-P) in both adults and 
nestlings (chapters 2, 4 and 5).  
 
 
Organization of This Thesis 
 
This thesis represents only a subset of my research conducted while a graduate 
student at Cornell. However, these four chapters contain the core research that I 10 
 
conducted while a Cornell student. Chapter 2 details individual-level variation in 
reproductive tradeoffs in tree swallows in Ithaca. It approaches breeding female 
decision-making using timing of breeding as an indicator of quality and tests the 
hypothesis that individuals will differ in their response to increased reproductive effort 
based on their quality. Chapter 3 asks whether breeding female responses to the short-
term stress of a brood manipulation has long-term immunological consequences and 
tests whether secondary immune responses are reduced through increased reproductive 
effort. Chapter 4 expands the geographic scope to compare life history tradeoffs at the 
extremes of the tree swallow range, Tennessee and Alaska. It tests the hypothesis that 
differences in return rates between sites lead to fundamental differences in parental 
tradeoffs, underlain by differences in the value of current vs. future reproduction. 
Chapter 5 investigates in more detail factors underlying one aspect of offspring 
quality, immunocompetence. For logistical reasons, this research was conducted on 
European starlings breeding in New Zealand. The chapter examines the role of body 
condition and spleen size in determining immune responses and tests the hypothesis 
that common parenthood is critical in influencing immune function.  
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Chapter 2 
 
INDIVIDUAL QUALITY MEDIATES TRADEOFFS BETWEEN 
REPRODUCTIVE EFFORT AND IMMUNE FUNCTION IN TREE SWALLOWS 
 
INTRODUCTION 
 
That individuals differ in their ability to survive and reproduce is one of the 
central tenets of natural selection (Darwin 1859; Williams 1966). Differences among 
individuals should lead to differences in the fundamental tradeoff between current and 
future reproduction because individuals differ in the costs they suffer and the benefits 
they accrue at a given level of reproductive investment (Stearns 1992). These 
differences can underlie phenotypic differences in reproductive behavior, however few 
studies explicitly examine tradeoffs along a gradient of individual quality (Pettifor, 
Perrins & McCleery 1998, 2001). This study examines how individual quality, 
measured by clutch initiation date of breeding females, influences tradeoffs between 
reproductive effort and reproductive output through an experimental manipulation of 
offspring demand. An experimental approach to studying life-history evolution is 
needed in order to break the positive correlations among traits that arise from large 
differences in quality (Partridge and Harvey 1988; Winkler and Wilkinson 1988).  
In many species of birds, timing of breeding is a phenotypic measure linked 
with annual reproductive output (e.g. Perrins 1970; Pettifor et al. 1988; Verhulst, 
Balen & Tinbergen 1995; Christians, Evanson & Aiken  2001). In tree swallows 
(Tachycineta bicolor Vieillot 1808) clutch initiation date is the most important 12 
 
predictor of reproductive success (Stutchbury and Robertson 1988; Winkler and Allen 
1996); individuals breed as early as possible, but the factors that determine when an 
individual breeds are a complex interaction among ecological constraints, past 
experience, and the intrinsic quality of the individual.  
The strength and responsiveness of the immune system has been used to assess 
reproductive costs, as the ability to fight infection and parasites is important to 
survival but is also costly (Gustafsson et al. 1994; Saino et al. 1999; Lochmiller and 
Deerenberg 2000; Bonneaud et al. 2003). When parents are forced experimentally to 
shift allocation (e.g. energy, nutrients) from immune strength to raising offspring, 
reduced immune function can affect parental survival, thus enforcing a tradeoff 
between the prospects of offspring and parent (Apanius 1998; Norris and Evans 2000). 
The general approach has been to modify parental effort, either through modifying 
offspring demand (as in this study) or by handicapping parents. A manipulation of 
parental effort leads to changes in either antibody production (Deerenberg et al. 1997; 
Hasselquist, Wasson & Winkler 2000), or parasite levels (Norris, Anwar & Read 
1994), as well as leading to decreased reproductive output. This suggests that the cost 
of mounting an immune response is high (Ilmonen et al. 2003). But because 
individuals differ in both susceptibility to disease and allocation decisions (Moreno, 
De Leon & Fargallo 1998; Navarro et al. 2003), it is critical to examine differences 
among individuals in the interaction between reproductive effort and immune 
function. In work done in the same study area as this study, early breeding tree 
swallows mounted higher humoral responses to keyhole limpet hemacyanin 
(Hasselquist, Wasson & Winkler 2000); the goal of this study was to examine whether 
individual quality influenced direct reproductive tradeoffs between offspring quality 
and immune responses. 13 
 
  Here, parental effort was experimentally modified to force breeding females to 
make reproductive allocation decisions with a modified set of costs and benefits. First, 
if tree swallows make tradeoffs between immune function and reproductive effort, one 
would predict that increased offspring demand would lead to lower immune responses 
in parents (possible predicted relationships are shown in Fig. 1). The critical prediction 
of this study is that later laying, presumably lower quality, individuals are less able to 
deal with increases in effort and thus will mount weaker immune responses 
particularly when raising enlarged broods. However, if individual quality does not 
influence the tradeoff between immune response and effort, then one might predict 
independent effects of both work load and individual quality, but no interaction 
between their effects.  
  The consequence of changing parental allocations between work load and 
immune response can be assessed through offspring condition (defined broadly), a key 
determinant of fitness, as offspring condition reflects probability of survival (Dhondt 
1971; Hochachka and Smith 1991; Nager et al. 2000; Tella et al. 2000; Naef-Daenzer, 
Widmer & Nuber 2001). Previous work has demonstrated that parental effort is linked 
to offspring quality (Wright et al. 1998; Moreno et al. 1999; Pettifor et al. 2001) and 
immune function (Saino, Calza and Møller 1997; Hõrak et al. 1999; Ilmonen, Taarna 
& Hasselquist 2002; Ilmonen et al. 2003). In this study, individual variation in 
parental response to modifications of parental effort is assessed. If parents bear costs 
in order to maintain offspring quality, increasing brood size should have stronger 
effect on parents than on offspring; conversely, if parents show limited effects of 
brood manipulations, while offspring raised in enlarged broods are of lower quality, 
parents may pass costs along to offspring (Golet, Irons & Estes 1998; Saino et al. 
1999; Hõrak 2003). 
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METHODS 
 
GENERAL FIELD METHODS 
 
  Tree swallows (Tachycineta bicolor) are a wide-spread and common cavity-
nesting North American migrant member of the family Hirundinidae (Robertson et al. 
1992). In this study, tree swallows bred in nestboxes erected for their use in Tompkins 
County, New York, USA (centered on 42
o 29’ N, 76
o 27’W) in 1999 and 2000. Nests 
were checked daily to determine date of clutch initiation and clutch size. Breeding 
females were captured on the nest on day 4 of the nestling period (hereafter all days 
are referred to by days from hatch of first nestling) and weighed to the nearest 0·1g. In 
addition, flattened left wing length (carpal joint to the tip of the longest primary) was 
measured to the nearest mm with a ruler and head-bill length (distance from the back 
of the skull to the tip of the bill) to the nearest 0·05mm with calipers. Breeding 
females were aged by plumage (Robertson et al. 1992). Offspring were measured on 
days 4, 6, 10, 12 of the nestling period. Each individual was uniquely marked using 
either nail polish or color bands depending on age and size. During each visit, body 
mass, flattened left wing length, head-bill length, and tarsus length (to the nearest 0·05 
with calipers) were recorded.  
  In 2000, insect availability was recorded using two 2-m aerial insect samplers 
powered by a Robbins and Myers 1650 RPM 1/12 HP motor (McCarty and Winkler 
1999) to collect daily samples of aerial insect abundance during the breeding season. 
Packed insect volume was measured by centrifuging samples at 5000 rpm for 75 min 
after removing seeds and other debris. To record nest visitation rates, three 60-minute 
behavioral observations were conducted using video cameras recording from at least 
20 m outside the box between days 8-11 for each breeding pair. Sexes were 15 
 
differentiated in video observations by marking females with a small dot of white 
paint on the back. For each observation, cameras were set with timers to begin 
recording 15 minutes after set-up to minimize the effect of human disturbance on 
provisioning behavior. 
 
BROOD SIZE MANIPULATIONS  
 
  First broods with the same hatching date were randomly assigned to one of 
three treatments: (1) increased, (2) decreased, or (3) control to create broods that were 
roughly 50% larger or smaller than original clutch size (avg. number of nestlings on 
day four: increased 7·81, control 5·01, decreased 2·97; total number of nestlings 
moved 167). Chicks were individually marked and swapped for all treatments on day 
3 of the nestling period. There was no difference among treatments in clutch initiation 
date (F3,128 = 0·08, P = 0·97) or clutch size (F3,128 = 0·66, P = 0·58). 
  
IMMUNOCHALLENGES AND SEROLOGY 
 
  Breeding females were captured, weighed and measured on days 4, 6, and 12 
of the nestling period. On day 4, blood was drawn from the brachial vein to determine 
pre-exposure levels of antibodies (from 20 ￿l plasma) and each bird was injected 
intraperitoneally with 5 x 10
7 sheep red blood cells (ICN Biomedicals, Aurora, OH) 
suspended in 100 µl PBS (Deerenberg et al. 1997). All individuals were captured 8 
days later to draw blood to determine post-exposure primary antibody titers in plasma. 
Antibody titres were measured in all blood samples using a base-2 serial dilution 
haemagglutination test conducted with 20 µl of plasma on 96-well microtitre plates 
(Roitt  et al. 1998). Samples were serially diluted starting with 20 µl PBS and to each 16 
 
well 20 µl of a 2% suspension of SRBC in PBS was added. Plates were incubated at 
37
o for 1 hr. Titres are given as the log2 of the reciprocal of the highest dilution of 
plasma showing positive haemagglutination. For each plate, known positive and 
negative control sera were included. 
  On day 4, 0.15 mg of phytohaemagglutinin (PHA, Sigma-Aldrich) in 30µ l PBS 
were injected into the patagial wing web of breeding females (Smits and Williams 
1999). On day 10, each nestling was injected with 0.1 mg of PHA in 20µ l PBS in the 
same location. Prior to each injection, the thickness of the wing web was measured 
three times using a digital micrometer and recorded as the average thickness. 
Individuals were remeasured approximately 48h after injection, and wing web 
thickness was remeasured three times and the average measurement recorded. Cell-
mediated immune response was considered the ratio of post-injection thickness to pre-
injection thickness (Hõrak et al. 1999).   
  
STATISTICAL ANALYSES 
 
For all analyses that included clutch initiation date, clutch initiation date was 
standardized to a mean = 0 and standard deviation = 1 for each year. Parental immune 
responses were examined using a mixed model analysis (SAS 1988) with year and 
nest box as random factors and the following fixed effects: standardized clutch 
initiation date, brood manipulation treatment (reduced, control, enlarged), female age 
(after second year vs. second year), and clutch size. Because nestlings were switched 
among nests, nestling measures were analyzed using a mixed model analysis with nest 
of hatch and nest of rearing, as well as year, as random factors and the following fixed 
effects: standardized clutch initiation date, brood manipulation treatment, clutch size 
in their natal nest, breeding female age, and number of brood mates on day 12.  17 
 
  Nestling quality was characterized using three variables: (1) cell-mediated 
immune response to PHA, (2) growth rate and (3) residual body mass. Growth rate 
was calculated as the growth rate constant K of a logistic growth function (Starck and 
Ricklefs 1998) for three nestling measures: primary wing feather, tarsus and head-bill 
measurements. The following asymptotic values were used to calculate K: primary 
wing feather (85 mm), tarsus (16·5 mm), and head-bill (28 mm). Because the three 
nestling measures are highly correlated, K values were combined in a principal 
components analysis and the first principal component (which explained 72% of the 
variation) was used in statistical analyses. Nestling residual body mass was calculated 
as the residual of a regression of body mass against head-bill size, a structural measure 
of body size.  
 
RESULTS 
 
Insect availability showed considerable daily variation, but overall prey 
availability increased as the breeding season progressed (Julian date vs. packed insect 
volume mm
3, β = 9·70, F1,82 = 20·77, P < 0·0001, R
2 0·20, Fig. 2.1).  
 
PARENTAL RESPONSES 
 
Breeding females raising enlarged broods made more feeding visits than did control 
individuals or those females raising reduced broods (Table 2.1). There were effects of 
both brood size and individual quality on immune responses. Females raising enlarged 
broods showed decreased primary immune response to SRBC and cell-mediated 
immune response to PHA, relative to control and reduced-brood females (Table 2.1). 
Early-nesting, higher-quality, individuals mounted stronger immune responses to 18 
 
immunochallenge of both SRBC and PHA (Fig. 2.2, SRBC F2,93 = 8·94, P = 0·001; 
PHA F2,91 = 3·51, P = 0·04). There was an interaction between the effect of individual 
quality and brood manipulation treatment on immune response to SRBC. The  
magnitude of the difference between individuals raising enlarged broods vs. control 
broods differed between high and low-quality individuals, with lower-quality females 
raising enlarged broods mounting the weakest primary immune responses to SRBC 
(Fig. 2.2a, brood manipulation X clutch initiation date F2,93 = 4·53, P = 0·03). 
However, there was no interaction between the effect of offspring demand and the role 
of individual quality in breeding female cell-mediated responses to  PHA (Fig. 2.3b,  
F2,93 = 0·05, P = 0·83). There was no difference between 1
st time-breeding vs older 
females in response to PHA or SRBC (Fs < 2, Ps > 0.4).  
 
OFFSPRING QUALITY 
 
Breeding females, regardless of their brood manipulation treatment, raised 
offspring of similar quality. Nestlings in enlarged broods grew more slowly, but by 
day 12, they had similar residual body mass and maintained similar levels of 
immunocompetence (Table 2.1). Lower quality individuals raised nestlings with 
slightly slower growth rates, but were able to produce chicks with similar immune 
function as did higher quality individuals (Fig. 2.3A,B). There was an interaction 
between brood manipulation and clutch initiation date in influencing residual body 
mass, but in a different direction than observed with breeding female response. Early-
hatched nestlings raised in reduced broods were in higher body condition than were 
later-hatched nestlings in reduced broods, while there was no difference among 
nestlings in body condition among the other treatments (Fig. 2.3C). 19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Volume of tree swallow prey collected in insect samplers as a function of 
julian date in Tompkins County, New York, 2000.
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Figure 2.2. Breeding female immune responses as a function of timing of breeding and 
brood manipulation treatmentA) Response to immunochallenge with Sheep Red Blood 
Cells (SRBC) (B) Response to immunochallenge with Phytohaemegluttinin (PHA). 
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Figure 2.3. Quality measures of nestling tree swallows as a function of timing of 
breeding and brood manipulation treatment. (A) Nestling growth rate, (B) Immune 
Response to PHA, (C) Nestling residual body mass. 
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Figure 2.3 (Continued) 
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DISCUSSION 
 
This study tested whether individuals of different quality differ in the tradeoff 
they make between self-maintenance (reflected in immune function) and offspring 
quality. There was strong support for the prediction that individual quality, measured 
by clutch initiation date, mediated the interaction between reproductive effort and 
immune function. Early-laying individuals mounted stronger cell-mediated responses 
to PHA and humoral responses to SRBC. Furthermore, individuals differed in their 
response to increased offspring demand, with later-laying females mounting weaker 
humoral immune responses when forced to raise additional nestlings than did higher 
quality individuals also raising enlarged broods.  
 While breeding females differed in immune responses as a function of 
reproductive effort, there was a limited effect of brood size manipulation on the 
quality of offspring. Experimentally increased brood size led to slower growth rates, 
but not to lower residual body mass nor immune response to PHA. That all parents 
showed a decrease in immune function when raising enlarged broods, while offspring 
did not, suggests strongly that breeding female tree swallows in Ithaca are not passing 
along increased costs to offspring. In particular, lower-quality individuals exhibited 
the greatest decrease in immune response when brood size was increased while still 
maintaining offspring quality. This suggests a strong predilection to invest in offspring 
at a cost to themselves in self-maintenance and possibly, yearly survival. For a short-
lived migratory bird with yearly adult survival rates of around 50% (Robertson et al. 
1992), it may be a prudent strategy for low-quality individuals to trade self-
maintenance off against offspring quality in periods of increased resource demand, 
such as likely occurred when raising broods increased by 50%. 26 
 
Why might lower-quality individuals make stronger tradeoffs between immune 
responses and offspring quality? Individuals may differ in reactivity and the ability to 
recognize antigens, but these differences may be the proximate underpinnings for 
differences in strategy and constraint. Individual quality differences could lead to 
differences in strategy, with lower-quality individuals, which may have the lowest 
probability of returning to breed, valuing current reproduction the most: thus, an 
allocation strategy of reducing immune investment in favor of offspring would be 
favored. Individual-level differences may also be non-strategic, as immune function 
can be affected by nonadaptive consequences of increased activity, such as increased 
metabolic activity (Demas et al. 1997; Ots et al. 2001) and increased free radical 
production (Chew 1995, Allen 1997). In addition, lower quality birds may be more 
likely to exhibit adaptive stress-related immunosuppression to minimize autoimmune 
cross-reactions (Råberg et al. 1999). Lower quality individuals may have higher 
circulating levels of stress hormones or may be more at risk of autoimmune disorders. 
This possibility remains untested. 
While there may be limitations to using timing of breeding as a measure of 
quality, the insect availability data presented here demonstrate that resources increase 
over the breeding season, therefore lower responses by later-laying individuals are not 
due to resource limitation. In addition, tree swallows display a suite of correlated life 
history traits that appear to be adaptations for breeding early, such as high 
aggressiveness during nest site acquisition and feathering nests to reduce heat loss 
during cold early season conditions that suggest strong pressure on individuals to 
breed early (Winkler 2000). Winkler and Allen (1996), studying tree swallows at the 
same location, found no evidence that conditions improved over the breeding season; 
conversely, they concluded that later-laying individuals were unable to gather the 
resources necessary to breed earlier. Rather, individual differences in resource 27 
 
gathering ability could be underlain by differences in foraging efficiency (Bowlin and 
Winkler 2004).  
There were subtle differences in the cell-mediated and humoral responses of 
individuals. Both experimentally increased brood size and lower individual quality led 
to weaker immune responses for both immunochallenges. However, only in humoral 
responses to SRBC was there an interaction between individual quality and 
reproductive effort in affecting the response. This suggests limited differences in 
either strategy or constraint among individuals mounting a cell-mediated immune 
response. Both cell-mediated and humoral immune response entail energetic costs (Ots 
et al. 2001, Martin et al. 2002), but humoral responses require antigen recognition 
while the cell-mediated response to a mitogen measured here does not. However, 
without specific tests, it is unclear how the different arms of the immune system 
respond to stress (Blount et al. 2003).  
Previous studies have found that reproductive effort can decrease immune 
responses. However, few studies examine, as the present study did, whether this 
relationship varies among individuals. Ecoimmunology may present an important 
approach to assess parental ability or willingness to make life history tradeoffs. 
Therefore, studies examining eco-immunology of life history decisions should 
consider individual variation in immune response and other strategies associated with 
self-maintenance and reproduction.  
28 
Chapter 3 
 
REPRODUCTIVE EFFORT REDUCES LONG-TERM IMMUNE FUNCTION IN 
BREEDING TREE SWALLOWS. 
 
INTRODUCTION 
 
Reproductive decisions are often seen as managing tradeoffs between the 
allocation of resources to raising offspring and to maintaining parental condition 
(Stearns 1992). One common method to explore reproductive decisions is to modify 
effort and force parents to thus alter the tradeoffs between current and future 
reproduction. Individuals may reduce costly expenditures that have long-term benefits 
in order to deal with a short-term but critical challenge. For example, immune system 
maintenance can be downregulated during times of stress or high effort (Sheldon and 
Verhulst 1996; Norris and Evans 2000). Following manipulations of reproductive 
effort, parents show, on average, a decreased ability to respond to a specific antigen as 
measured by the primary immune response (Lochmiller and Deerenberg 2000; 
Hasselquist et al. 2001; Cichón et al. 2001).  
However, when responding to an antigen, the immune system produces both 
the primary immune response to fight a current threat and memory cells to fight future 
threats. Memory cells are antigen-specific and serve to mount a secondary immune 
response after a second antigen exposure that is stronger and faster than the primary 
immune response (Roitt 1997). This long-term component of the immune system may 
be critical to survival (Pitcovski et al. 2001); however, to date no studies have shown 29 
 
how short-term increases in reproductive effort might have long-term consequences 
for immune function and survival.  
In this paper, we present results of the first study, to our knowledge, in which 
the effects of reproductive effort on secondary immune response are examined in free-
living animals. Because memory cells are first produced at the same time as the 
primary response, there may be long-term consequences of high levels of acute effort 
on acquired immunity. Here, we test the hypothesis that reproductive effort during 
primary exposure affects secondary immune response, predicting that increases in 
effort during the period of memory cell production will lead to decreased secondary 
immune responses. Prior work done at our research site (Hasselquist et al. 2001) 
suggested that individual quality, as reflected by laying date, affects immune 
responses, and we thus also tested the hypothesis that timing of breeding affects 
secondary responses. Secondary immune response is linked with disease resistance in 
poultry (Parmentier et al. 2001; Pitcovski et al. 2001), suggesting that variation in 
resistance should affect year-to-year survival. Thus, to explore the demographic costs 
of variation in secondary immune response, we tested the prediction that individuals 
with reduced secondary immune responses will be less likely to return to breed in 
future years. 
Memory cells are produced as a function of the same direct processes that 
produce primary antibodies. Given recent suggestions of adaptive immunosuppression 
(Råberg et al. 1998; Buchanan 2000), one might predict that during times of stress, 
resources to fight current threats (i.e. primary antigen exposure) might be increased at 
the expense of response to future risks (i.e. the strength of a secondary response). We 
thus tested whether primary immune response is correlated with secondary immune 
response. If reproductive effort causes differential immune-system tradeoffs, we 
would predict that individuals with experimentally increased reproductive effort might 30 
 
decrease secondary antibody production in order to maintain primary antibody 
production. If, however, invariant processes control cell proliferation for both types of 
cells, we predict that individuals who mount stronger primary responses will also 
mount stronger secondary responses across all experimental groups. 
 
MATERIALS AND METHODS 
 
STUDY AREA 
 
We studied tree swallows (Tachycineta bicolor) breeding in nestboxes in two 
locations: Tompkins County, New York, USA (centered on 42
o 29’ N, 76
o 27’ W) and 
Loudon, Anderson and Knox Counties, Tennessee, USA (centered on 35
o 53’ N, 84
o 
18’ W, see http://golondrinas.cornell.edu for further details on both sites). Tree 
swallows have been breeding at the Ithaca site since 1985, where we have conducted 
assessments of primary immune function (Hasselquist et al. 2001) and long-term life 
history studies (Winkler 1991; Winkler and Allen 1996; McCarty and Winkler 1999).  
 
EXPERIMENTAL DESIGN 
 
We checked nests daily to determine date of clutch initiation and clutch size, 
and, as necessary, to determine hatching date. To manipulate parental effort, we 
randomly assigned nests with the same hatching date to one of three treatments: (1) 
increased, (2) decreased, or (3) control to create broods that are roughly 50% larger or 
smaller than original clutch size (e.g. on average, 3, 6 and 9 nestlings). Chicks were 
individually marked with small dabs of nail polish on their claws and swapped for all 31 
 
treatments on day 3 of the nestling period (all days are referred to by days from hatch 
of first nestling).  
In 1999 (New York) and 2001 (Tennessee), breeding females were captured in 
nestboxes while brooding day 4 nestlings. We obtained blood samples from the 
brachial vein to determine the presence of natural antibodies to sheep red blood cells 
(SRBC) in plasma. Directly afterwards, each bird was injected intraperitoneally with 5 
x 10
7 SRBC (ICN Biomedicals, Aurora, OH) suspended in 100 ￿l phosphate buffered 
saline pH 7.2 (PBS) (Deerenberg et al. 1997). All females were captured 8 days later 
and bled to determine post-exposure primary antibody titers in plasma. In the year 
following primary exposure (2000 in New York, 2002 in Tennessee), we recaptured 
all females that returned to breed. Because we had to wait an additional year to 
recapture individuals, rather than the traditional 30-90 days to measure secondary 
response, we again obtained blood samples to determine antibody levels prior to 
secondary exposure. We then reinjected each bird with the same quantity of SRBC 
used in primary exposure. We also recaptured and immunochallenged all individuals 
that returned to breed in Ithaca in 2002, 3 years after initial experimental 
manipulation.  
 
SEROLOGY 
 
We determined antibody titres in all blood samples using a base-2 serial 
dilution haemagglutination test conducted with 20 ￿l of plasma on 96-well microtitre 
plates (Roitt 1997). Samples were serially diluted starting with 20 ￿l PBS and to each 
well 20 ￿l of a 2% suspension of SRBC in PBS was added. Plates were incubated at 
37
o for 1 hr. Titres are given as the log2 of the reciprocal of the highest dilution of 
plasma showing positive haemagglutination. For each plate, we ran both a positive and 32 
 
negative control. Repeatabilities are high for this procedure (pre-exposure: Ri = 0.60, 
F = 3.91, p = 0.03; post-exposure: Ri = 0.65, F = 4.65, p = 0.01, McGraw and Ardia in 
review). 
 
STATISTICAL ANALYSES 
 
To determine whether birds were indeed mounting a secondary immune 
response, we compared the proportion of individuals with preprimary exposure 
agglutination (titre > 1; likely a cross-reacting glycoprotein (Cotter 1998)) to the 
proportion with presecondary exposure antibodies (likely true antibodies) using a 
Fisher’s Exact Test. We used a mixed model (SAS PROC MIXED) with site as a 
random effect and female age, clutch size, clutch initiation date standardized relative 
to the mean for each site and year, and brood manipulation treatment as fixed effects 
to compare factors affecting the level of secondary antibody production. We used 
linear regression to examine the relationship between primary antibody response and 
secondary antibody response. We conducted stepwise logistic regression using α  = 
0.10 as entry and exit probabilities (SAS PROC LOGISTIC) to examine what factors 
predicted production of background antibodies and to test what variables predicted 
return rates. For logistic regressions, we tested the global hypothesis of no covariate 
effect (χ
 2  = 0) using changes in the likelihood ratio (-2 log likelihood) of the model 
with and without the effect of interest. Individual parameter estimates were tested 
using a Wald χ
 2 test.  
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RESULTS 
 
PRESENCE OF NATURAL ANTIBODIES 
 
Few individuals had natural antibodies prior to primary inoculation (3 of 81, 
3.7%), while a majority of individuals showed low levels of antibodies prior to 
secondary exposure (68%, 55 of 81; proportion showing agglutination natural  vs. 
antibodies prior to secondary exposure χ
2
1 =69.44, P < 0.001). Only secondary 
response levels and timing of breeding were correlated with detectable levels of 
antibodies prior to secondary exposure (overall logistic model: χ
2
2 = 9.61, P = 0.008). 
Individuals with strong secondary immune responses had a higher probability of 
circulating antibodies to SRBC prior to secondary exposure (N = 81, β = 0.309, Wald 
χ
2
1 =4.04, P = 0.04). Later-laying individuals in the year following but not in the year 
during the brood manipulation treatment were less likely to have antibodies prior to 
second exposure (N = 81, β = -0.987, Wald χ
2
1 = 2.96, P = 0.08). In the logistic 
regression, neither primary antibody response nor brood manipulation treatment at the 
time of memory cell production had an effect on the probability of producing 
detectable background antibodies. 
 
EFFECT OF REPRODUCTIVE EFFORT ON SECONDARY RESPONSE 
 
Experimentally increased brood size led to a decrease in secondary immune response 
relative to control and decreased brood treatments (Fig. 3.1A, F2,71 = 4.82, P = 0.01, N 
= 81). Individuals laying larger clutches also tended to have stronger secondary 
immune responses (Fig. 3.1B, F4,71= 2.82, P = 0.03, N = 81), but there was  34 
 
 
 
 
 
 
 
 
 
Figure 3.1. (A) Effect of reproductive effort, (B) clutch size and (C) standardized 
clutch initiation date on secondary antibody production to sheep red blood cells in 
breeding female tree swallows. Clutch initiation date standardized to mean for each 
site by year. 35 
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Figure 3.1 (Continued) 
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no effect of female age (N= 81, F1,71 = 0.01, P = 0.91, N = 81). Clutch initiation date 
in the year of the brood manipulation treatment was the strongest predictor of 
secondary immune response, with early-laying individuals mounting the strongest 
secondary response (Fig. 3.1C, F2,71 = 17.41, P < 0.001, N = 81).  There were no 
significant interactions between variables (all F < 0.5, P > 0.2, N = 81). Individuals 
that mounted strong primary responses also mounted strong secondary responses, 
regardless of brood manipulation treatment (Fig. 3.2, N= 80, R
2 = 0.29, β = 0.81, P < 
0.0001, N = 81). 
 
SURVIVAL 
 
For New York tree swallows, individuals that initiated clutches early and those that 
mounted strong secondary immune responses were more likely to survive to return to 
breed 3 years following the initial manipulation (Fig. 3.3, N = 50, overall model: χ
2
2 = 
7.51, P = 0.008; effect of clutch initiation date, β = - 0.513, Wald χ
2 =5.67, P = 0.01, 
effect of secondary antibody production β = 0.389, Wald χ
2
1 =4.38, P = 0.03). 
 
DISCUSSION 
 
  Reproductive effort appears to suppress long-term immune function. Increased 
offspring demand during primary exposure to an antigen reduced the strength of 
secondary immune responses. While individual quality (e.g. timing of breeding, clutch 
size) also influences acquired immunity, these results indicate increased reproductive 
effort decreases future immunological performance. Reproductive effort has been 
shown to decrease primary immune function in wild passerine birds (see Lochmiller 38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Relationship between strength of primary antibody production and 
secondary antibody production in breeding female tree swallows exposed to sheep red 
blood cells. 
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Figure 3.3. Box-plot summary of secondary antibody production of female tree 
swallows breeding in Ithaca as a function of survivorship from 1999 to 2002. Median 
for Y group is the same as boundary for lower level. 
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and Deerenberg 2000), but this study is the first to demonstrate that increased 
reproductive effort decreased acquired immunity in natural-breeding birds. However,  
changes in resource allocation in poultry affect antibody responsiveness to SRBC, 
with poultry bred for high growth having a strong reduction in immune function (Li et 
al. 2000; Bayyari et al. 1997). Thus tradeoffs between resource allocation and 
immunocompetence, both secondary and primary, may be widespread. 
  Our results also support the hypothesis that long-term reductions in immune 
responsiveness might have fitness consequences. Individuals with strong secondary 
responses were more likely to return to breed three years following brood 
manipulations. One possible cause for variation in survival related to acquired 
immunity may be disease resistance (Li et al. 2001; Pitcovski et al. 2001). Differences 
in secondary responses in poultry were positively correlated with susceptibility to 
Eimeria acervulina, an intestinal parasite (Parmentier et al. 2001). This suggests that a 
generalized reduction in disease resistance may be either a direct or indirect 
consequence of tradeoffs associated with reproductive effort. However, as in all 
ecological analyses of individual variation, the correlation of secondary immunity with 
survival may reflect common correlation with a third unmeasured indicator of 
individual quality. 
Interestingly, our manipulation of offspring demand had strong predictive 
effects on secondary immunity in the year following the manipulations, but offspring 
demand treatment per se did not have any predictive effect on survival after three 
years. Differences in return rates appear to vary based purely on differences in 
secondary immune function and timing of breeding among individuals, suggesting that 
some individuals, in the face of drastic increases in offspring demand, are able to 
sustain both  long-term and short-term immune function, while other individuals are 41 
 
not. This suggests that variation in the ability to maintain long-term immune function 
may be an important mediator in determining the effects of acute shortages.  
As the first study to report acquired immunity in a wild bird, we are confident 
that our protocol measured secondary responses. We found few birds with pre-primary 
exposure background agglutination relative to the proportion prior to pre-secondary 
exposure. Given this strong difference, we conclude that agglutination in blood 
samples collected from birds prior to secondary exposure indeed reflect antibodies to 
SRBC and that following secondary exposure these birds mounted specific secondary 
responses. Further correlational evidence supports this, as individuals mounting strong 
secondary antibody responses were more likely to have detectable background levels. 
In addition, our protocol should be biased against finding patterns in secondary 
responses. Because of the difficulty of reliably recapturing breeding birds 30-90 days 
post-fledging, our protocol measured secondary response in the year following brood 
manipulations. As a consequence of waiting a year to resample birds, we were only 
able to recapture those birds that returned to breed, thus eliminating a subset of 
original individuals from our study. As prior work suggests that individuals that do not 
return to breed in subsequent years have likely perished (Robertson et al. 1992), our 
results should be biased against finding differences, as the individuals with the 
weakest immune responses are likely to have been selected out of the pool in the 
second year, thus reducing the variance in measured secondary responses.  
  In assessing the effect of our brood manipulation, we operated under the 
assumption that the critical period affecting secondary response was during the 
production of memory cells (i.e. during primary exposure) not during their activation 
(i.e. effort expended during secondary exposure). Individuals that had strong primary 
responses also mounted strong secondary responses, indicating no intraindividual 
tradeoffs. Because we did not modify parental effort in the second year of the 42 
 
protocol, it is unclear what additional effect modifying parental effort during 
secondary exposure would have. Additional research could answer this question by 
conducting manipulations during both periods, one period or neither.  
  Just how increased reproductive effort decreases secondary immune function is 
unclear. If the production of memory cells is costly, either energetically or through 
limitation in availability of a trace factor such as carotenoids, then direct tradeoffs 
associated with an acute stress might decrease their production at the time of creation. 
However, individuals might also be making strategic adjustments. Memory cells might 
not be costly, per se, but mounting a secondary response may be quite costly, as 
initiating the production of antibodies from memory cells may entail significant 
energetic costs (Demas et al. 1997; Ots et al. 2001). Individuals might be modulating 
memory cell production as a strategy to influence the intensity of secondary 
production. One might predict different responses depending on the severity of an 
acute stress, as exposure to pathogens is likely spatially and temporally correlated. 
Individuals may save energy, both in the present and the future, by down-regulating 
memory cell production, but they do so at the risk of impaired disease resistance and 
increased risk of mortality.  
43 
Chapter 4: 
 
GEOGRAPHIC VARIATION IN LIFE HISTORY TRADEOFFS IN A WIDE-
SPREAD BIRD: REPRODUCTIVE EFFORT VS. IMMUNE FUNCTION 
 
INTRODUCTION 
 
  Life history theory posits that individuals make allocation decisions between 
themselves and their offspring based on the value of current and future reproduction 
(Stearns 1992, Ricklefs and Wikelski 2002, Roff 2002). Individuals with high yearly 
survival rates are hypothesized to invest less in their offspring per breeding attempt 
than are individuals with lower yearly survival rates (Martin et al. 2000, Ghalambor 
and Martin 2001, Martin 2004). Typically tradeoffs are examined at single sites for a 
single species or among species along environmental gradients, such as between 
tropical and temperate bird species (Skutch 1949, Lack 1966, Martin et al. 2000, 
Wikelski et al. 2003). For example, temperate birds appear to invest more in current 
reproduction (e.g. through larger clutches and greater nest defense) because they are 
shorter-lived, thus limiting the value of future reproduction (Martin et al. 2000, 
Ghalambor and Martin 2001). 
  Researchers rarely attempt to demonstrate that large-scale gradients in life 
histories can occur within species, which would provide the clearer and stronger proof 
that environmental variation, and not just differences in evolutionary history, has led 
to the evolution of differing life histories (Stearns 1992, Linden and Møller 1993, 
Foster and Endler 1996, Dhondt et al. 1992). Latitudinal gradients have been found in 
the life histories of many taxa (e.g. mosquitos, Armbruster et al. 2001; fish, Kokita 44 
 
2003; lizards, Sears and Anguilleta 2003), but in birds, most studies have examined 
geographic variation in life history traits (e.g. egg size, Encabo et al. 2002; molt, 
Hemborg et al. 2001; energy expenditure, Sanz et al. 2000; metabolic rate, Wikelski et 
al. 2003) without looking for the tradeoffs between suites of traits predicted by life 
history theory (but see Young (1996)). Examining traits without tradeoffs is 
incomplete, because tradeoffs can reveal underlying strategies, functional 
mechanisms, constraints and selection pressures (Ricklefs and Wikelski 2002). 
  There is growing evidence that parental costs of reproduction are related to 
immune defense: the ability to fight infection and parasites is important to survival but 
is also costly (Gustafsson et al. 1994, Saino et al. 1999, Lochmiller and Deerenberg 
2000, Bonneaud et al. 2003). Parental effort can lead to reduced immune function, 
which in turn affects parental survival, thus enforcing a tradeoff between the prospects 
of offspring and parent and between current and future reproduction (Apanius 1998, 
Norris and Evans 2000, Ardia et al. 2003), as well as reflecting tradeoffs among 
competing life history demands such as molt and incubation. Immune function can 
reflect long-term strategy, as differences in survival and allocation should be reflected 
in immunocompetence. Individuals with higher extrinsic survival probabilities should 
be selected to maintain stronger immune function because of a greater advantage to 
being able to ward off long-term health threats than would individuals with lower 
extrinsic probabilities of survival. However, there has been no published study to date 
that has examined geographic variation in either immune function or tradeoffs 
between adult immune function and offspring production. Such work would require 
experimental manipulation of parental reproductive effort across an environmental 
gradient (Lack 1954, 1966, Gustafsson and Sutherland 1988, Nur 1988). 
  In this paper, I report the results of experimental brood size manipulations in 
tree swallows, a wide spread species that has a breeding range across most of North 45 
 
America. Between two sites at the extreme of the breeding range, Alaska and 
Tennessee, I tested whether individuals differ in tradeoffs between immune self-
maintenance and offspring measures. First, I compared baseline levels of cell-
mediated immune function and predicted that breeding females in Tennessee would 
maintain higher immune function than would breeding females in Alaska due to 
higher yearly return rates.   
  I then tested whether adults showed different behavioral and immune 
responses to experimental manipulation of offspring demand to force parents to make 
decisions about reproductive investment in a given season (current reproduction) 
relative to future seasons. If sites differ in parental willingness to increase reproductive 
effort when offspring demand is experimentally increased, this could be due to 
differences in resource availability, differences in the value of current reproduction, or 
both. I predicted that Alaskan females, with lower return rates, would increase feeding 
effort and thus bear additional costs when offspring demand is increased; Tennessee 
females with higher return rates were expected to show no increase in effort when 
brood size was increased. Parental willingness to bear costs of reproduction should 
also be reflected in their immune responses under experimental conditions. Here, I 
tested whether individuals raising enlarged broods would show reduced immune 
function. I predicted that females raising enlarged broods in Alaska would reduce 
immune responses, while females in Tennessee would not, suggesting greater 
willingness to suffer self-maintenance costs when faced with increased offspring 
demand in Alaska. 
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METHODS 
 
STUDY SITE AND GENERAL FIELD METHODS 
 
  Tree swallows (Tachycineta bicolor Vieillot 1808) are a wide-spread and 
common cavity-nesting North American migrant member of the family Hirundinidae 
that breed from Alaska to northern Mississippi and Alabama (Robertson et al. 1992). I 
studied tree swallows breeding in nestboxes erected for their use in Loudon, 
Anderson, and Knox Counties, Tennessee, USA (centered on 35
o 53’ N, 84
o 18’ W) 
and near Fairbanks, Alaska, USA (centered on 64
o 49’ N, 147
o 52’ W).  
  Nests were checked daily to determine date of clutch initiation and clutch size. 
First broods with the same hatching date were randomly assigned to one of three 
treatments: (1) enlarged, (2) reduced, or (3) control to create broods that were roughly 
50% larger or smaller than original clutch size (avg. number of nestlings on day four; 
Alaska: reduced 2.94, N = 16, control 5.18, N = 17, enlarged 7.88, N = 16; Tennessee 
decreased 2.94, N = 18, control, 5.00 N = 18, enlarged 7.72, N = 18; total number of 
chicks moved among nests: Alaska 157, Tennessee 162). Chicks were individually 
marked and swapped for all treatments on day 3 of the nestling period (hereafter all 
days are referred to by days from hatch of first nestling, day 0). Breeding females were 
captured on the nest on day 4. Offspring were measured on days 4, 6, 10, 12 of the 
nestling period. Each individual was uniquely marked using either nail polish applied 
to claws or metal USFWS bands. During each visit, body mass, flattened left wing 
length, head-bill length, and tarsus length were recorded for each nestling.  
At each site, insect availability was recorded using two 2-m aerial insect samplers 
powered by a Robbins and Myers 1650 RPM 1/12 HP motor (McCarty and Winkler 
1999) to collect daily samples of aerial insect abundance during the breeding season. 47 
 
Insect samplers were placed within 10m of water at locations where electrical power 
was available. Packed insect volume was measured by centrifuging samples, after 
removing seeds and other debris, at 5000 rpm for 75min. To record nest visitation 
rates, three 60-minute behavioral observations were conducted using video cameras 
between days 8-11 for each breeding pair. Sexes were differentiated in video 
observations by marking females with a small dot of white-out on the back. For each 
observation, cameras were set with timers to begin recording 15 minutes after set-up 
to minimize the effect of human disturbance on provisioning behavior. In the year 
following the manipulation, all breeding females were captured at each site to 
determine return rates.   
  
IMMUNOCHALLENGES AND SEROLOGY 
 
  Breeding females were captured, weighed, measured and sexed by plumage on 
days 4, 6, and 12 of the nestling period. On day 4, blood was drawn from the brachial 
vein to determine pre-exposure levels of antibodies to sheep red blood cells (from 20 
µ l plasma) and each bird was injected intraperitoneally with 5 x 10
7 sheep red blood 
cells (ICN Biomedicals, Aurora, OH) suspended in 100 µ l PBS (Deerenberg et al. 
1997). All individuals were captured 8 days later to draw blood to determine post-
exposure primary antibody titers in plasma. Antibody titers were measured in all blood 
samples using a base-2 serial dilution haemagglutination test conducted with 20 µ l of 
plasma on 96-well microtitre plates (Roitt et al. 1997). Samples were serially diluted 
starting with 20 µ l PBS and to each well 20 µ l of a 2% suspension of SRBC in PBS 
was added. Plates were incubated at 37
o for 1 hr. Titers are given as the log2 of the 
reciprocal of the highest dilution of plasma showing positive haemagglutination. For 
each plate, positive and negative control sera were included. 48 
 
  On day 4, 0.15 mg of phytohaemagglutinin (PHA-P) in 30µ l PBS were 
injected into the patagial wing web of breeding females (Smits and Williams 1999). 
On day 10, each nestling was injected with 0.1 mg in 20µ l PBS in the same location. 
Prior to each injection, the thickness of the wing web was measured three times using 
a digital micrometer and reported as the average thickness. Individuals were 
remeasured approximately 48h after injection and wing web thickness was remeasured 
three times and the average measurement used (repeatability: pre-exposure F645,646 = 
9.06 P < 0.001, R = 0.91, post-exposure F645,646 = 7.53 P < 0.001, R = 0.86, Lessells 
and Boag 1987). Cell-mediated immune response was considered to be the ratio of 
post-injection thickness to pre-injection thickness (Hõrak et al. 1999). 
    
STATISTICAL ANALYSES 
 
Parental immune responses were examined using a mixed model analysis with 
the following fixed effects: standardized clutch initiation date, brood manipulation 
treatment (reduced, control, enlarged), female age (1
st year breeders vs. older 
breeders), and natal clutch size. Because of differences in timing of breeding among 
sites, clutch initiation date was standardized to a mean of 0 and standard deviation of 
1. Because nestlings were switched among nests, nestling measures were analyzed 
using a mixed model analysis with natal nest and nest of rearing as random factors and 
the following fixed effects: standardized clutch initiation date, brood manipulation 
treatment (reduced, control, enlarged), clutch size of the natal nest, female age (1
st 
year breeders vs. older breeders), and number of brood mates on day 12. All two-way 
interactions with Ps > 0·40 were removed. As tree swallows show breeding philopatry 
(Robertson et al. 1992, Winkler et al. in press), the proportions of birds that returned to 
breed at each site were compared using a chi-square test. 49 
 
  Nestling quality was characterized using three variables: (1) cell-mediated 
immune response to PHA, (2) growth rate and (3) body condition index. Growth rate 
was calculated as the growth rate constant K of a logistic growth function connecting 
10% to 90% of the asymptotic values for three nestling measures: primary wing 
feather, tarsus and head-bill measurements (Starck and Ricklefs 1998). Because the 
three nestling measures were highly correlated, K values were combined in a principal 
components analysis and the first principal component (which explained 79% of the 
variation) was used in statistical analyses. Nestling body condition index was 
considered the residual of a regression of body mass against head-bill size, a structural 
measure of body size (N = 691, β = 0.825, F1,690 = 61.84, P < 0.001, R
2 = 0.85).  
 
RESULTS 
 
RESOURCE AVAILABILITY 
 
Insect availability showed considerable daily variation at both sites, but overall 
prey availability showed a linear trend as the breeding season progressed, with no 
differences in the rate of increase among sites (Fig. 4.1; Julian date vs. packed bug 
volume mm
3, β = 4·60 , F1,103 = 4.01, P = 0.04, R
2 0.11, site level difference in slope 
F1,102 = 1.43, P = 0.15). There were more insects available in Alaska than in Tennessee 
(site level difference in abundance F1,102 = 16.16, P < 0.0001, Fig. 4.1)  
 
ADULT RETURN RATES AND IMMUNE FUNCTION 
 
Females breeding in Tennessee were more likely to return to breed in the year 
following the experiment than were breeding females in Alaska (TN 34 of 54, 59%;  50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Insect availability (in mm
3) measured at tree swallow breeding sites in 
Alaska and Tennessee. 
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AK 15 of 34, 44%; χ
2 = 3.99, P = 0.04). Unmanipulated females in Tennessee 
maintained higher cell-mediated immune response to PHA than did females in Alaska 
(Fig. 4.2A; N =36, effect of breeding site F1,31 = 19.14, P = 0.0001; effects of female 
age and clutch size Fs < 1.61, Ps > 0.21). However, there was no difference in 
humoral response to SRBC between breeding sites (Fig. 4.2B; N = 36, effects of 
breeding site, female age, and clutch size Fs < 0.71, Ps > 0.41).  
 
EFFECTS OF BROOD MANIPULATION  
 
Sites differed in the effect of the brood manipulation on breeding female 
behavior. Alaska females raising enlarged broods increased feeding visits, while 
Tennessee females showed no difference in feeding behavior regardless of offspring 
demand (Fig. 4.3, effect of site F1,84 = 0.10, P = 0.75, brood size treatment F2,84  = 5.57, 
P = 0.005, site*treatment F2,84 = 4.65, P = 0.03).  
Alaskan females maintained offspring quality in enlarged broods while 
Tennessee females did not. Offspring raised in enlarged broods in Alaska were of 
similar quality relative to offspring in control or reduced broods (Fig 4.4A; N = 543, 
effect of treatment: nestling growth rate F2,38.4 = 1.34, P = 0.28, nestling body 
condition F2,33.3 = 0.47 P = 0.63, nestling immunocompetence F2,43.5 =  1.06 P = 0.35) 
while Tennessee offspring in enlarged broods grew at slower rates, were in lower 
condition and showed weaker cell-mediated immunity than did offspring in control or 
reduced broods (Fig. 4.4B; effect of treatment: nestling growth rate F2,41.5 = 3.97, P = 
0.02, nestling body condition F2,33.6 = 3.84 P = 0.03, nestling immunocompetence 
F2,196 =  4.78 P = 0.01). 
Breeding females responded differently when faced with an experimental 
manipulation of offspring demand. Alaska females raising enlarged broods mounted  52 
 
   
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Differences in immune response of tree swallows at the extremes of 
their breeding range. (A) breeding female response to PHA (cell-mediated immunity) 
and (B) breeding female response to SRBC (humoral immunity). Values presented are 
least square mean estimates + standard error. Letters refer to least square mean 
differences between treatment groups for each offspring quality measure P < 0.05.
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Figure 4.3. Number of feeding visits per hour by breeding female tree swallows 
feeding offspring as a function of brood manipulation treatment. Values presented are 
least square mean estimates + standard error. Letters refer to least square mean 
differences within each site of P < 0.05. 
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 Table 4.1. Output of mixed model analysis of factors affecting immune performance 
of female tree swallows breeding in Alaska and Tennessee. Denominator df = 86. 
 
Effect Num 
df 
F P 
Immune Response to PHA       
Breeding site  1  23.33  <0.0001 
Brood manipulation treatment  2  3.34  0.04 
Female age  1  1.22  0.27 
Clutch initiation date  1  15.77  0.0001 
Clutch size  1  0.07  0.79 
Breeding site*Brood manipulation treatment  2  4.82  0.01 
     
Immune Response to SRBC       
Breeding site  1  1.60  0.21 
Brood manipulation treatment  2  14.29  <0.0001 
Female age  1  0.37  0.54 
Clutch initiation date  1  17.86  0.0001 
Clutch size  1  1.03  0.34 
Breeding site*Brood manipulation treatment  2  3.67  0.04 
 55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Effect of brood manipulation treatment on offspring quality measures at 
the edges of the range of the tree swallow. A. Alaska B. Tennessee. Red. = reduced 
treatment, Con. = control treatment, Enl. = enlarged treatment. Values presented are 
least square mean estimates + standard error. Letters refer to least square mean 
differences between treatment groups for each measure P < 0.05. Note the same 
vertical axes across sites for each measure. 
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Figure 4.5. Immune response of breeding female tree swallows to PHA (cell-mediated 
response) and sheep red blood cells (SRBC, humoral response). Values presented are 
least square mean estimates + standard error. Letters refer to least square mean 
differences within each site of P < 0.05. 
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weaker immune responses to immunochallenge with PHA and SRBC than did 
controls, while Tennessee females raising enlarged broods showed no difference from 
controls (N = 103, Table 1, Fig. 4.5).   
 
DISCUSSION 
 
Tree swallows breeding in Alaska and Tennessee responded differently to 
brood manipulations, consistent with differences in life history pressures across their 
range. In Alaska, where breeding females return at lower rates, females appear willing 
to increase reproductive effort and to reduce their own immune system self-
maintenance. Alaska females increase effort to a level necessary to maintain offspring 
quality, as offspring in enlarged broods are of similar quality to offspring in control 
broods. These results, coupled with low return rates, are consistent with a view that 
Alaska individuals exhibit strategies reflecting an emphasis on short-term payoffs, 
such as offspring quality, rather than long-term payoffs. In contrast, Tennessee 
females did not change behavior when faced with increased offspring demand and 
showed no depression in their own immune function. Consequently, Tennessee 
females raised offspring in enlarged broods of lower quality relative to controls. Thus, 
it appears that Alaska females, are on average, more willing than are Tennessee 
females to incur additional costs, measured as decreased immune function, to raise 
offspring in a single season. These results are consistent with a view that increased 
female survival is link with decreased fecundity (Martin et al. 2000).  
Why aren’t Tennessee females increasing effort? Lack of response by 
Tennessee females could be interpreted as an inability to increase effort (Lack 1966). 
However, an equally parsimonious explanation is that parents are unwilling to increase 
effort. Environmental conditions may contribute to higher yearly return rates and thus 58 
 
should allow Tennessee females to increase short-term effort with minimal costs. 
Insect availability was lower in Tennessee, thus females might show reduced 
reproductive investment solely due to increased costs of foraging, However, 
Tennessee control females raise nestlings of similar quality to those in Alaska and still 
return at higher rates, suggesting a more complicated explanation for why Tennessee 
females don’t increase effort with brood supplementation. It is more likely that 
individuals are making adjustments to multiple environmental stressors and the 
combination of these phenotypic responses combine to create the pattern reported 
here.  
 Tennessee females may have greater exposure to pathogens and parasites, thus 
increasing the need to invest in immune function at the cost of resources available for 
offspring. Individuals with high exposure to disease may also be unwilling to 
downregulate immune performance, as short-term immune reduction may have long-
term survival costs (Ardia et al. 2003). Given high survival rates, this strategy is 
effective because the value of a single year of reproduction is lower. Thus, high 
survival doesn’t directly select for low reproductive effort, but it does create the 
conditions whereby behavioral and physiological responses to environmental 
pressures that stress self-maintenance over offspring will lead to higher fitness returns.  
Accordingly, unmanipulated Tennessee females maintain higher levels of 
immune function than do Alaska females. This is apparently the first study to compare 
immune responses across the range of a species. Because I did not explicitly measure 
disease exposure, it is difficult to differentiate between the effect of disease exposure 
or allocation differences. This is a nontrivial matter, as higher immune function could 
arise because individuals are selected to invest heavily in immune function due to 
higher threats, and thus have fewer resources available for reproduction. Conversely, 
individuals may minimize investment in reproduction because of high survival, and 59 
 
thus have additional resources available for immune performance. Both of these 
possibilities, however, require a better understanding of the relative cost of both 
activities. For example, if high immune system maintenance is costly enough to 
actually limit reproductive investment, then why are return rates so high? If 
individuals are unwilling to invest beyond a certain point, then it can only be because 
a long-term strategy of minimizing investment in a single season of reproduction is 
better than high investment in all seasons.  
In conducting a similar study in New York (chapter 1), a location in the center 
of the tree swallow range, I found that Ithaca females show patterns intermediate 
between these two extreme sites. New York females increase reproductive effort when 
raising enlarged broods, but not to the level necessary to maintain all measures of 
offspring quality. However, New York females showed decreased immune responses 
when raising enlarged broods, similar to Alaska females, and had similar return rates 
(48% vs. 44%). At the same time, females show levels of immune function more 
similar to Alaska, reflecting a less long-term strategy of self-maintenance resource 
allocation. 
  Interestingly, there was a difference in immune performance between 
Tennessee and Alaska females in only cell-mediated immunity, but not humoral 
immunity. Both cell-mediated and humoral immune response entail energetic costs 
(Ots et al. 2001, Martin et al. 2002, Brommer et al. 2003), but cell-mediated immunity 
may reflect a more generalized measure and overall immune strength integrated over 
time. Recent research has found that cell-mediated responses incur greater energetic 
costs than do humoral responses (Martin et al. 2002). Humoral response may thus 
reflect a willingness or ability to mount an immune response to a specific threat at the 
time of exposure, while cell-mediated immunity may reflect both current and future 
investment. So, if individuals are allocating resources away from immune 60 
 
performance, such as might occur in Alaska, then they might allocate more resources 
towards fighting a short-term acute threat than maintaining long-term defenses.  
While the intraspecific geographic life history variation reported here is not as 
marked as that often reported among species, this study provides additional evidence 
that the patterns of evolutionary tradeoffs used to explain life history differences 
between tropical and temperate birds can also occur within a species. Tropical-
temperate differences are hypothesized to be underlain by differences in 
environmental conditions and similar patterns appear to occur in tree swallows. In 
Alaska, individuals make large investments in offspring production apparently by 
reducing allocation to self, reflected in immune responses. In Tennessee, individuals 
invest significantly in themselves with the consequence of less investment in 
offspring. These patterns appear to be built by individual-level responses to important 
environmental stresses, such as food availability, disease exposure and nest predation. 
Differences in survival rates among sites reflect these differences but are unlikely to 
be the ultimate cause of differences. Overall, we should view parental responses as a 
mix of both constraint and strategy that will increase our understanding of how 
differences in relative costs and benefits affect both short-term behavior and 
physiology, as well as life history variation.  
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Chapter 5 
 
MATERNAL AND PHYSIOLOGICAL INFLUENCES ON NESTLING IMMUNE 
RESPONSE IN EUROPEAN STARLINGS 
 
INTRODUCTION 
 
Introduction 
 
Parental investment in offspring quality is a critical contributor to parental 
fitness in most vertebrates. Because it is difficult to directly assess the long-term 
survival of offspring, we often use surrogate measures of fitness, such as body mass or 
condition at the time of independence, which tend to be correlated with the probability 
of offspring survival (Perrins 1964, Dhondt 1971, Hochachka and Smith 1991, Linden 
et al. 1992, Adriaensen et al. 1998). Offspring quality as a measure of future success 
has been expanded to include the strength and responsiveness of the immune system, 
as levels of offspring immune function have been shown to be linked to return rates or 
yearly survival (Hõrak et al. 1999, Christe et al. 1998). Offspring immunocompetence 
is generally assessed by examining cell-mediated immune response, a critical 
component of the avian immune system. Individuals are exposed to a mitogen, 
phytohaemagglutinin (PHA), which stimulates proliferation and infiltration of T-
lymphocytes and macrophages at the site of exposure (Goto et al. 1978).  
During offspring development, individuals allocate resources among 
competing demands, particularly those affecting current condition and long-term 
survival. The rules governing these tradeoffs should be a function of both genetic 
influences (nest of origin) and environmental factors (rearing environment). Previous 62 
 
work concluded that rearing environment explains more variation among nestlings in 
immune function than does nest of origin (Tella et al. 2000, Brinkhof et al. 1999). 
Brinkhof et al. (1999) found both genetic and environmental influences on nestling 
immunocompetence, but concluded that the strongest influence was the environmental 
component, primarily through its indirect influence via nestling body mass. Body mass 
may influence immune response by affecting nutritional condition (Lochmiller et al. 
1993, Saino et al. 1997, Christe et al. 1998, Hoi-Leitner et al. 2001). However, Tella et 
al. (2000) found genetic and environmental links between residual body mass and 
immune function, suggesting further study is needed, particularly of maternal 
influences. 
Here, through a split-nest cross-fostering experiment to separate the effects of 
a common origin from a common rearing environment, I examine in more detail the 
factors affecting the immune responses of nestling birds by examining not just body 
condition, but also another correlate of immune function, the size of the spleen. The 
spleen, through its role in filtering blood and storing and producing lymphocytes, is an 
important organ in the avian immune system (John 1994), and, accordingly, many 
have suggested that spleen size should be positively correlated with immune function 
(Møller et al. 1998a, 1998b; Møller & Erritøe 2000, Blanco et al. 2001, Blount et al. 
2003). However, Smith and Hunt (2004) expressed concern that broad conclusions 
regarding spleen size were based on the untested assumption that larger spleens 
indicate stronger immune function. Exposure to parasites might induce spleen growth 
(splenomegaly), and thus differences in spleen size could be due to differing histories 
of parasite exposure, not to underlying differences in baseline immunocompetence 
among individuals (John 1994, 1995; Smith and Hunt 2004).  
  To determine whether direct comparisons between spleen size and immune 
function are warranted, I tested the hypothesis that exposure to an immune challenge 63 
 
leads to increased spleen size. I also tested whether spleen size and residual body mass 
are linked with nestling immune response. I predicted that, controlling for other 
variables: (1) individuals with large spleens would mount stronger immune responses, 
(2) spleen size would be related to the rearing environment and residual body mass of 
nestlings and (3) the relationship between spleen size and immune function would 
vary along an experimental gradient of ectoparasite exposure.  
In examining variation among individuals in performance, it is critical to 
consider how the quality of parents affects immune responses in their offspring. 
Parental quality can certainly influence offspring through direct genetic links with 
immune function. A cross-fostering experiment can reveal the relative contribution of 
genetic contribution (nest of origin) vs. environmental contribution (nest of rearing). 
However, parents also influence immune function by influencing the conditions under 
which offspring develop. For example, Hõrak et al. (1999) found that female great tits 
with large original clutch sizes raising enlarged broods produced offspring with higher 
immune function than did females with smaller original clutch sizes. Parental quality 
may affect offspring simply by influencing residual body mass (the key predictor of 
immune function from previous studies), or other factors that may directly influence 
immune performance such as nest temperatures. Temperature conditions during 
offspring development can have both direct and indirect effects on immune function. 
For example, heat stress reduces both cell-mediated immunity and macrophage 
activity in chickens (Dietert et al. 1994, Miller and Qureshi 1992). Temperatures 
outside the thermoneutral zone can depress immune function (Henken et al., Donker et 
al. 1990) as well as have significant sublethal effects on energy costs and body 
condition (Visser 1998), particularly during ontogeny of thermoregulation (Kirkley 
and Gessaman 1990), and these stresses may have indirect effects on immune function 
(Apanius 1998).  64 
 
In European starlings, large clutch size and early clutch initiation dates predict 
high reproductive success (Christians et al. 2001, Smith 2004). To examine the role of 
parental quality, I compared immune performance of nestlings reared in their home 
box vs. their siblings (likely half-siblings or full siblings as parasitic eggs were 
removed) reared in other boxes. By comparing related offspring, analyses control for 
genetic differences among individuals and can reveal the direct influence of residual 
body mass and temperature independently by evaluating the difference in immune 
performance as the magnitude of the difference in explanatory variables increases. 
This design can also be used to compare how well females of different quality raise 
related chicks; I predicted that as the magnitude of the difference in initial clutch size 
differs among females, the difference in immune performance among cross-fostered 
siblings will also increase. 
In summary, this study (1) whether exposure to PHA causes splenomegaly, (2) 
investigates the role of spleen size and residual body mass in determining nestling 
immune function, (3) compares the relative contribution of nest of origin and nest of 
rearing and (4) examines maternal influences on development conditions, specifically 
nest temperature, and the role of those conditions in influencing offspring immune 
performance.  
 
METHODS  
 
STUDY AREA AND STUDY SPECIES 
 
The research took place on a 2500-acre sheep and cattle farm in the Belmont 
Hills, Lower Hutt, New Zealand (41
o10’S, 88
o53’W) from October to December 2000. 
The European starling (Sturnus vulgaris Linnaeus) is a cavity-nesting passerine native 65 
 
to Europe and Central Asia. Starlings, which were introduced to New Zealand in early 
20
th century (Flux and Flux 1981), breed in Belmont in reconfigured ventilation shafts 
in concrete munitions bunkers built by the US Army during World War II. Extensive 
research on starlings has been conducted at the site (Flux and Flux 1981, Thompson 
and Flux 1988, Thompson et al. 1993). 
 
EXPERIMENTAL PROCEDURE 
 
I checked nests daily to determine date of clutch initiation and clutch size, and 
I returned to nests at the end of incubation to determine hatching date. To manipulate 
parental effort, I randomly assigned nests with the same hatching date to one of three 
treatments: (1) enlarged, (2) reduced, or (3) control to create broods that were roughly 
40% larger or smaller than original clutch size (e.g. on average, 3, 5 and 7 nestlings on 
day 4). Chicks were individually marked with small dabs of nail polish on their claws 
and swapped for all treatments on day 3 of the nestling period (all days are referred to 
by days from hatch of first nestling). Each nest contained a mix of nestlings hatched in 
the nest and nestlings hatched in other nests. When more than one egg was found in a 
nest over a 24-hr cycle (N = 25), one egg was usually markedly different in color and 
shape and was then removed, providing a reliable method of ensuring that only eggs 
laid by the attending females remained in the nest (J.E.C. Flux, personal 
communication).  
In addition, each nest was assigned to (1) ectoparasite reduction or (2) sham 
control. In the ectoparasite reduction treatment, I placed three 5g pieces of foam 
impregnated with 18.6% Dichlorvos and 2,2-Dichlorovinyl dimethyl phosphate 
(Prozap Insect Guard, Loveland, CO) into nesting material between 5-10 cm from the 
nest cup. Control nests were treated with three 5g pieces of inert foam. There were no 66 
 
differences in clutch size or clutch initiation date among brood manipulation 
treatments nor between ectoparasite treatments (Ps > 0.20)   
On day 16, I measured the cell-mediated immune response of each nestling 
with an immunochallenge of 0.15mg of phytohaemagglutinin (PHA) suspended in 
30µl of phosphate buffered saline injected in the right wing web (Smits and Williams 
1999).  PHA is a mitogen which stimulates the proliferation of resting T-lymphocytes 
and response to PHA is a standard measure of immunocompetence (Smits and 
Williams 1999). The response is the ratio of the thickness of the wing web 24h (+ 1h) 
after injection divided by the thickness before injection. I measured the thickness of 
the wing web to the nearest 0.01mm using digital calipers. At each occasion, I took 
three measurements and used the average of the three measurements. To examine the 
effects of PHA on spleen size, 12 nestlings (in five different nests) were given an 
injection of 30µl of phosphate buffered saline in the right wing web and then 
monitored in the same manner as experimental nestlings. 
On day 17, I measured nestling body mass to the nearest 0.1g with an 
electronic balance and the length of the tarsus using digital calipers to the nearest 
0.01mm. Nestling residual mass (i.e. body condition) was calculated as the residual of 
a regression of body mass vs. tarsus length (F1,103 = 10.09, P = 0.001, R
2 = 0.52, N = 
104). 
I visited each nest on days 4, 8, 12, 16, and 17 to measure nest temperatures 
and examine each nestling for ectoparasites (e.g. feather lice, blowfly larvae) through 
examination of wing and body feathers. Nestlings with ectoparasites were initially 
scored on a scale of 1-5, but because ectoparasite load was low, these scores were 
converted to a score or “Yes” or “No”. Nest temperatures were measured to the 
nearest 0.1 C
o with a thermocouple thermometer. Occupied nest temperature was 
measured by placing the temperature probe at the base of the nest cup to measure the 67 
 
external temperature of the brood in the nest. Empty nest temperature was measured 
by leaving the temperature probe at the base of the nest while all nestlings were 
removed to be measured and allowing the probe to cool to the ambient temperature of 
the microclimate of the nest. Nest temperatures were grouped into three development 
periods: early (days 4,8), middle (day 12), and late (days 16,17) because of changes in 
thermoregulatory ability during offspring development (Visser 1998). 
On day 17, following measurements, I collected nestlings via overetherization 
and weighed the body and the spleen to the nearest 0.1g with an electronic balance. In 
addition, spleen length and width were measured to the nearest 0.01mm with digital 
calipers and spleen volume was calculated based on the shape of the spleen as a 
ellipsoid (Brown and Brown 2002). Residual spleen volume was calculated from a 
regression of body mass vs. spleen volume (F1,103
 = 43.39, P < 0.0001, R
2 = 0.49, N = 
104).  
  
STATISTICAL ANALYSES 
 
Factors affecting nestling immune response to PHA were analyzed using a 
mixed model (SAS PROC MIXED, Littell et al. 1996), with nest of origin and nest of 
rearing as random factors and the following fixed effects: brood manipulation 
treatment (reduced, control, enlarged), ectoparasite treatment (yes, no), clutch 
initiation date, residual body mass, residual spleen volume, ectoparasite load (yes, no), 
occupied nest temperature and the temperature difference between occupied and 
empty nest temperatures. A diagram was created using the Pearson correlation 
coefficients to examine in more detail the correlation of the non-significant effects on  
the significant fixed effects from this model. 68 
 
  The effect of common origin on nestling immune response was analyzed 
through the random effects of nest of origin and nest of rearing from mixed model 
analyses. Random effects were tested by subtracting the –2 Log Likelihood scores of a 
model containing all random effects from the –2 Log Likelihood score of the model 
minus the effect being tested (Littell et al. 1996). The difference in the –2 Log 
Likelihood scores between the full model and the model minus the variable of concern 
is computed as a Chi-Square value df = 1. To test whether including nest temperatures 
in the overall model influenced the random effects of common origin and common 
environment on PHA response, I retested random effects without temperature data in 
the model.   
I used multiple regression to test what factors affected the difference between 
nestling immune response in home-reared offspring (those hatched and reared in the 
same box) vs. out-reared nestlings (those hatched in the same box as home-reared 
nestlings but reared in a different box). The model also contained the following fixed 
effects: clutch initiation date, clutch size of the home nest, clutch size of the out-reared 
nest, the difference in clutch sizes between nests, the difference between the home-
reared nestlings and out-reared nestlings in residual body mass, spleen volume, and 
nest temperatures during the early, middle and late nestling stages in both home and 
out-reared nests. To avoid pseudoreplication, for each nest, I used the average values 
for all the nestlings in each category in each nest.  
 
RESULTS 
 
There was no direct effect of brood manipulation or ectoparasite reduction on 
nestling immune response to PHA. Rather, cell-mediated immune response to PHA 
was related to residual body mass, residual spleen volume and temperature conditions 69 
 
in the nest (Table 1). Nestlings with greater residual mass or with greater residual 
spleen volume tended to mount stronger PHA responses (Fig. 5.1A, 5.1B). Increased 
spleen size was not due to exposure to PHA, as there was no difference in either 
absolute or residual spleen volume between individuals exposed to PHA and 
individuals that were not (spleen volume F1,8 = 0.39, P = 0.54, Fig. 5.2; residual spleen 
volume F1,8 = 0.75, P = 0.41). There was no effect of either ectoparasite treatment or 
ectoparasite load on immune response (Table 5.1), though ectoparasite loads were 
light. 
Nest of origin had a significant influence on the mixed model analysis; 
removal of natal nest resulted in a significant change in the –2 Log Likelihood values 
(χ
2
1 = 9.01, P < 0.01), but nest of rearing did not (χ
2
1 = 0.8, P > 0.05). However, 
removing nest temperature caused the random effect of both natal nest and nest of 
rearing to be significant (natal nest χ
2
1 = 8.6, P < 0.01; nest of rearing χ
2
1 = 10.3, P < 
0.01) suggesting that temperature can mediate the effect of rearing conditions on 
nestling immune function. 
 Nestling residual body mass was affected by both common origin and 
common rearing environment (natal nest χ
2
1 = 5.0, P < 0.05; nest of rearing χ
2
1 = 5.3, 
P < 0.05). Both total spleen volume and residual spleen size were significantly 
affected by box of origin but not box of rearing (spleen volume: natal nest χ
2
1 = 4.1, P 
< 0.05; nest of rearing χ
2
1 = 0.9, P > 0.05; residual spleen size: natal nest χ
2
1 = 5.8, P < 
0.05; nest of rearing χ
2
1 = 1.7, P > 0.05 ). 
Absolute nest temperatures during any development period had no direct effect 
on PHA responses, but nestlings reared in nests with a greater differential in 
temperature between the occupied nest temperature and the empty nest temperature 
tended to mount higher immune responses than did nestlings in nests with a smaller 
temperature differential (Fig. 5.1C).  70 
 
Table 5.1. Fixed effects from mixed model analysis of factors affecting European 
starling nestling immune response to PHA. Random effects of natal nest and nest of 
rearing were both significant (Ps < 0.05).  
 
Fixed Effect  Standardized 
Parameter 
Estimate 
Standard 
Error 
df F  P 
Brood Size Manipulation      2,26  0.65  0.57 
Ectoparasite  Manipulation      1,26 0.09 0.67 
Natal Clutch Initiation Date  -0.02347       0.04634        1,26 1.14 0.29 
Natal Clutch Size  0.008443       0.04634        1,26 0.18 0.55 
Residual Body Mass  0.008405  0.003530  1,26  5.40  0.02 
Residual Spleen Volume  0.000623  0.000310  1,26  4.31  0.04 
Ectoparasite  Index  0.008106  0.00021  1,26 0.15 0.76 
Occupied Nest Temperature  -0.03237  0.02418  1,26  1.84  0.19 
Temp.  difference between  
      occupied and empty nest 
0.007605  0.006989  1,26 4.17 0.04 
Brood size day 12  0.01538  0.05789  1,26  0.26  0.79 
Intercept 2.0199  0.5258  1,32     
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Figure 5.1  Partial regression plots of nestling measures on cell-mediated immune 
response to PHA in European starling nestlings.. A. Residual body mass. B. Residual 
spleen volume. C. Temperature difference between nest temperature and ambient 
temperature of nest microclimate. 72 
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Figure 5.1 (Continued) 
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Figure 5.2 Spleen volume (mm
3) of European starling nestlings exposed to 
saline or exposed to phytohaemagglutinin (PHA). 
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While other variables did not directly predict nestling immune response, an  
examination of the correlation among non-significant predictors revealed several 
important indirect effects on nestling immune function (Fig. 5.3). Interestingly, spleen 
volume had only direct effects on nestling PHA response, no other variable was 
significantly correlated with spleen volume. Nestling residual body mass was 
negatively correlated with the number of nestlings in the nest on day 12 and positively 
correlated with the nest temperature differential. Not surprisingly, temperature 
differential was negatively correlated with occupied nest temperature and positively 
correlated with clutch size. However, temperature differential was negatively 
correlated with clutch initiation date, a measure of individual quality in starlings, with 
later breeding birds maintaining nests at a lower temperature difference.  
  An examination of the immune performance between nestlings hatched and 
reared in their home nest (hereafter home-reared) versus nestlings hatched in the home 
nest but reared elsewhere (out-reared) revealed that both common origin and rearing 
environment play a role (overall model: F5,14 = 6.61, P = 0.02, R
2 = 0.56, N = 19 nests; 
Table 5.2). The difference in residual body mass between home-reared vs. out-reared 
offspring was the strongest predictor of this difference in immune performance. As the 
magnitude of the difference increased so did the difference in immune performance 
(Fig. 5.4A).  Maternal quality played a role as home-reared nestlings reared in nests 
with a large positive difference in clutch size between home-reared and out-reared 
nests tended to mount stronger immune responses than did out-reared nestlings (Fig. 
5.4B). In addition, immune performance of home-reared nestlings was the greatest 
relative to out-reared nestlings when home nest temperatures during the late nestling 
stage were relatively highest, suggesting both a role of parental care as well as 
absolute conditions (Fig. 5.4C). There was no consistent variation in spleen size 
between home-reared and out-reared offspring (overall model F5,14 = 0.33, P = 0.88).  76 
 
 
 
Figure 5.3. Relationship among variables affecting immune response to PHA of 
European starling nestling. Arrows connecting variables to PHA response are 
significant predictors from a mixed model analysis. Other arrows represent variables 
indirectly influencing those predictor variables. Numbers refer to Pearson Correlation 
Coefficients. Solid black lines are positive correlations, dashed lines negative 
correlations. Thickness of lines represents strength of relationship.  
Nestling PHA response  
Temperature difference between 
occupied and empty nest 
 
 
Residual body mass 
 
 
Spleen Volume 
   Temperature in nest  
nestling period 
 
 
 
 
 
 
    Clutch Initiation Date 
 
 
 
Clutch Size 
 
 
 
 
 Nestlings on day 12 
-0.20 
0.75
-0.17 
-0.25 
0.26 
-0.37 
-0.31 
0.29
*
*
*77 
 
 Table 5.2. Significant variables from multiple regression analysis predicting the 
difference in immune response between home-reared nestlings - immune response of 
out-reared nestlings. Explanatory variable presented are the differences in the  
measure of home-reared– outreared nests.  
 
 
Variable   Standardized 
Parameter 
Estimate 
Standard 
Error 
Type II 
Sums of 
Squares 
Partial 
R
2 
P 
Intercept  -0.93151        0.33442     0.44423     --------  0.0146 
Temperature during 
late nestling period 
-0.03981        0.02053     0.21529     0.0790      0.03 
Residual body mass   0.01921        0.00737     0.38900     0.3623      0.02 
Clutch size  0.13922        0.0567       0.70583     0.1662      0.0035 
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Figure 5.4. Effect of nestling measures on difference in cell-mediated immune 
response to PHA between home-reared and out-reared nestlings. Data presented are 
from partial regression plots. A. Difference in residual body mass. B. Difference in 
clutch size. C. Temperature during late nestling period. 79 
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Figure 5.4 (Continued) 
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DISCUSSION 
 
Variation among European starling nestlings in cell-mediated immune 
response to PHA appears to be strongly influenced by physiological condition 
(reflected in residual body mass and spleen volume) as well as through maternal 
influences (reflected in nest temperatures). Common origin influenced immune 
responses, while common rearing environment did not. This is a marked difference 
from other cross-fostering studies that found an influence of both common origin and 
common environment (Brinkhof et al. 1999, Tella et al. 2000). This difference is likely 
due to the inclusion of important covariates such as nest temperatures and spleen 
volume which helped reduce variation. These factors themselves appear to be under 
the influence of maternal quality, indicating that the interpretation of cross-fostering 
studies should consider differences among parents in their quality. 
The first determinants of an individual nestling’s immune function are the 
inherited components of the immune system such as T-cell reactivity, MHC diversity, 
and absolute T-cell numbers all of which are controlled in large measure by genetic 
influences (Taylor et al. 1987; Warner et al. 1987; Cheng & Lamont 1988). That 
spleen size was strongly influenced by common origin but not rearing environment 
suggests the size of the spleen could be an underlying mechanism for explaining the 
role of common origin on nestling immune responses.  
The next determinant of immune performance is the availability of resources 
for  allocation to immune response. Residual body mass of chicks had a strong 
predictive effect on PHA response and helped explain differences among related 
nestlings reared in different nests. Residual body mass explained a significant amount 
of the differences among siblings in immune performance, underscoring the role of 
resource allocation. It is unclear, however, if residual body mass directly affects 82 
 
immune function or is itself correlated with an as yet undetermined variable that 
directly affects immune function. Immune performance has direct energetic costs, and 
nestlings with high residual body mass would likely have more energy to devote to 
immune responses.  
Do differences in residual body mass influence the role of common rearing 
environment? Brinkhof et al. (1999) studying great tits (Parus major) explained the 
strong link between common rearing environment and immune performance through 
effects on nestling body mass, which itself exerted the direct influence on immune 
response. In this study, however, only when nest temperatures are removed from the 
model does rearing environment explain any variation in nestling immune function, 
suggesting that considerable variation in rearing conditions is influenced by 
differences in developmental conditions. This suggests that nestling immune response 
is an interaction between resource allocation, environmental conditions and maternal 
quality. 
Directly comparing immune performance among related nestlings reared in 
different nests allowed for a determination of the role of environmental conditions, 
particularly as influenced by parents. Differences in immune performance between 
siblings should be directly attributable to development conditions, and not genetic 
differences. As the differences in conditions between nests increased, the differences 
in immune performance among cross-fostered nestlings increased. Female quality 
exerts an effect through differences among females in timing of breeding and clutch 
size, but the exact link between female quality and offspring quality is unclear. 
Certainly, higher quality females can provide more food (reflected in residual body 
mass) and better development conditions (reflected in temperature conditions). In 
addition, high quality individuals may also be bringing higher quality food. 
Availability of micronutrients, vitamins, and protein can provide immunological 83 
 
benefits (Klasing 1998); high quality females may be better at finding and procuring 
nutrients such as Linoleic acid, iron, or vitamin A for their offspring. There is 
evidence from barn swallows that chicks supplemented with high protein diets had 
higher immune function, but not necessarily higher residual body mass (Saino et al. 
1997). The role of parental provisioning strategies in wild birds and its influence on 
immune function remains unknown. 
The third factor explaining differences in immune performance among siblings 
was the degree to which nest temperatures were raised above ambient temperatures, a 
relative measure that is not indicative of absolute development conditions. Given the 
energy required by both parents and offspring to maintain nest temperatures against a 
stronger thermal gradient, it is likely that the association between temperature 
differences and immune performance is correlated with female quality rather than a 
direct relationship. High quality females may have more time available for brooding 
and providing critical food supplies during periods of inclement weather. Further 
studies should experimentally manipulate nest temperatures to examine the direct role 
of temperature conditions. 
This is the first study to show that spleen size and immune function are 
positively linked, as individuals with large spleens tended to mount stronger immune 
responses. Because of its role in storing and producing lymphocytes, a larger spleen 
may either provide or be correlated with a higher number of resting T-cells, the 
population of lymphocytes mobilized by exposure to PHA. Interestingly, spleen size 
was affected only by common origin, suggesting a strong heritable component to 
spleen size (John 1994, 1995). Thus, spleen size appears to exert an independent effect 
on immune function, unrelated to the factors (such as temperature and offspring 
numbers) that influence residual body mass.  84 
 
It was hoped that spleen size and immune function could be analyzed along a 
gradient of exposure to ectoparasites, as parasitic infection has been shown to both 
activate the immune system and stimulate spleen growth (John 1994, Brown and 
Brown 2002). However, the individuals at my study site had low exposure to 
ectoparasites, thus limiting my ability to examine this relationship experimentally.  
Low ectoparasite load may in fact have been fortuitous as I was able to 
examine the relationship between spleen size and immune function in an introduced 
population with low levels of parasite-induced splenomegaly, thus allowing for 
comparisons of  “natural-sized” spleens. Low levels of ectoparasitism may have been 
a reason why immune challenge did not cause splenomegaly, a result not previously 
reported. Further research might repeat this study to examine individual variation in 
immune response and spleen size at higher ectoparasite levels. Overall, my results 
suggest that the dynamics of spleen size are complicated and that spleen size as a 
surrogate for immune function should be used with caution, especially among species. 
Though the general immune challenge used here did not elicit abnormal spleen 
growth, a more specific immunochallenge (e.g. keyhole limpet hormone or sheep red 
blood cells) or high ectoparasite exposure almost certainly would.  
Spleen volume may be an excellent measure to ask certain questions, such as 
the consequences of ectoparasite exposure, factors affecting immune response within a 
single species, or physiological tradeoffs in resource allocation to the immune system. 
However, it is unclear why comparative studies of the role of immune function in life 
history evolution would choose spleen size over an actual measure of immune 
performance, except in the opportunistic collection of individuals. In this study there 
was more variation in spleen volume than in immune response (coefficient of variation 
41.8% vs. 16.1%) and this level of variation represents spleen volume in a single year, 
during a single time of year, and in an introduced species with low ectoparasite 85 
 
exposure. This strongly suggests that studies with small sample sizes comparing 
spleen volume among species will be greatly limited by individual variation and 
should be done with considerable caution. 
In summary, parents clearly influence nestling immune function through 
genetic components of the immune system such as reactivity and MHC diversity, as 
well as spleen size.  But this research also shows that the conditions that parents create 
influence the development and expression of the immune system through offspring 
reserves and temperature conditions, as well as factors as yet undetermined. 
Additional work should focus on directly manipulating environmental conditions 
(particularly nest temperatures) and ectoparasite loads as well as recognizing the 
critical role of maternal effects to consider individual-level allocation tradeoffs made 
by both parents and offspring. 
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Chapter 6 
SUMMARY  
 
In this thesis, I attempted to examine individual and geographic variation in 
life history tradeoffs in tree swallows and European starlings. I believe that I have 
found the following important results: 
  1. Studies examining life history tradeoffs should pay more attention to 
differences among individuals in their quality. In chapter 1, I found that individuals 
differ in the fundamental tradeoff between current and future reproduction as a 
function of quality, suggesting either differences in the ability or willingness to 
respond to increases in effort. These effects carried over to long-term immune 
responses to these manipulations: in chapter 2 I found that individual quality 
influenced the long-term effect of reproductive effort. In addition, in chapter 4, I found 
that maternal quality can exert a strong but subtle influence on offspring quality, 
assessed through immune responses. These results suggest that individuals will differ 
in how they make tradeoffs and the consequences of the tradeoffs that they make. 
  2. Environmental differences in selective pressures can lead to large 
differences in behavior and ecology within a species as well as among species. In 
chapter 3, I found a pattern within tree swallows similar to that reported among 
species across a latitudinal gradient. This is an important result because it 
demonstrates that phenotypic adjustments by individuals build to population-level 
patterns. However, it also casts starkly how little we actually understand about the 87 
 
selection pressures that actually cause these patterns (see suggestions for future 
research below).  
  3. Ecoimmunology can reveal important and interesting information about life 
history tradeoffs. My research found support for the idea that reproductive effort 
depresses immune function with the important caveat that individuals will vary in the 
consequences of increasing effort. In addition, I was the first to find effects of effort 
on acquired immunity in wild birds, a result which hopefully will increase research in 
examining long-term consequences of immune response. I also join the small number 
of studies examining nestling immune function and have contributed a more holistic 
understanding of the factors affecting this important measure of offspring quality. 
Lastly, my results demonstrate that geographic differences exist within a widespread 
population and that these differences may underlie important life history variation.  
  
88 
LITERATURE CITED 
 
Adriaensen, F., Dhondt, A.A., Van Dongen, S., Lens, S. & Matthysen, E. (1998) 
Stabilizing selection on Blue Tit fledgling mass in the presence of 
sparrowhawks. Proceedings of the Royal Society of London Series B Biological 
Sciences. 265, 1011-1016. 
 
Allen, P.C. (1997) Production of free radical species during Eimeria maxima 
infections in chickens. Poultry Science, 76, 814-821. 
 
Apanius, V. (1998a) Stress and immune defense. Advances in the Study of Behavior, 
Vol. 27. (eds. A.P. Møller, M. Milinski, & P.J.B. Slater). Harcourt International, 
New York. 
 
Apanius, V. (1998b). Ontogeny of immune function. In J.M. Starck and R.E. Ricklefs 
(eds.) Avian Growth and Development Evolution within the Altricial-Precocial 
Spectrum. (Oxford University Press). 
 
Ardia, D.R., Schat, K.A. & Winkler, D.W. (2003) Reproductive effort reduces long-
term immune function in breeding tree swallows (Tachycineta bicolor). 
Proceedings of the Royal Society London B 270, 1679-1683. 
 
Armbruster P., Bradshaw, W.E., Ruegg K., Holzapfel, C.M. (2001) Geographic 
variation and the evolution of reproductive allocation in the pitcher-plant 
mosquito, Wyeomyia smithii. Evolution 55, 439–444. 89 
 
Bayyari, G.R., Huff, W.E., Rath, N.C., Balog, J.M., Newberry, L.A., Villines, J.D., 
Skeeles, J.K., Anthony, N.B., & Nestor, N.E. (1997) Effect of the genetic 
selection of turkeys for increased body weight and egg production on immune 
and physiological responses. Poultry Science. 76, 289-296. 
 
Blanco, G., de la Puente, J., Corroto, M., Baz, A. & Cola, J. (2001)  Condition-
dependent immune defence in the Magpie: how important is ectoparasitism? 
Biological Journal of the Linnean Society, 72, 279-286. 
 
Blount, J. D., Houston, D. C., Møller, A. P.& Wright, J. (2003). Do individual 
branches of immune defence correlate? A comparative case study of scavenging 
and non-scavenging birds. Oikos 102, 340-350. 
 
Bonneaud, C., Mazuc, J., Gonzalez, G., Haussy, C., Chastel, O, Faivre, B. & Sorci, G. 
(2003) Assessing the cost of mounting an immune response. American 
Naturalist 161, 367-379.   
 
Bowlin, M. & Winkler, D.W. (2004) Natural variation in flight performance is related 
to timing of breeding in tree swallows in New York. Auk 121:345-353. 
 
Brinkhof, M.W.G., Heeb, P., Kölliker, M., and Richner, H. (1999) 
Immunocompetence of nestling great tits in relation to rearing environment and 
parentage. Proceedings of the Royal Society of London Series B Biological 
Sciences 266: 2315–2322. 
 90 
 
Brown, C. R. & Brown, M. B. (2002) Spleen volume varies with colony size and 
parasite load in a colonial bird. Proceedings of the Royal Society of London B 
269, 1367-1373. 
Buchanan, K.L. (2000) Stress and the evolution of condition-dependent signals. 
Trends Ecol Evol. 15, 156-160.  
 
Cheng, S. & Lamont, S.J. (1988) Genetic analysis of immunocompetence measures in 
a white leghorn chicken line. Poultry Science 67, 989-995. 
 
Chew, B.P. (1995) Antioxidant vitamins affect food animal immunity and health. 
Journal of Nutrition, 125, S1804-S1808. 
 
Christe, P., Møller, A.P. & de Lope, F. (1998) Immunocompetence and nestling 
survival in the house martin: the tasty chick hypothesis. Oikos, 83, 175-179. 
 
Christians, J.K., Evanson, M., & Aiken, J.J. (2001) Seasonal decline in clutch size in 
European starlings: A novel randomization test to distinguish between the timing 
and quality hypotheses Journal of Animal Ecology 70, 1080-1087.  
 
Cichón, M., Dubiec, A. & Chadzínska, M. (2001) The effect of elevated reproductive 
effort on humoral immune function in collared flycatcher females. Acta 
Oecologica 22, 71-76. 
 
Coleman RM, Gross MR (1991) Parental investment theory: the role of past 
investment. Trends Evol Ecol 6, 404–406. Deerenberg, C., V. Apanius, S. Daan, 91 
 
and N. Bos. 1997. Reproductive effort decreases antibody responsiveness. Proc. 
Roy. Soc. Lond. B 264:1021-1029. 
 
Cotter, P.F. (1998) Naturally occurring rabbit erythrocyte agglutinins in fowl sera. 
Poultry Science 77(Supplement), 100. 
 
Darwin, C.E. (1859) On the origin of species. John Murray, London. 
 
Deerenberg, C., Apanius, V., Daan, S. & Bos, N. (1997) Reproductive effort decreases 
antibody responsiveness. Proceedings of the Royal Society London B 264, 1021-
1029. 
 
Demas, G.E., Chefer, V., Talan, M.I. & Nelson, R.J. (1997) Metabolic costs of 
mounting an antigen-stimulated immune response in adult and age C57BL/6J 
mice. American Journal of Physiology 273, R1631-7. 
 
Dhondt, A. A. (1971) The regulation of numbers in Belgian populations of Great Tits. 
Pages 532-547 in P. J. den Boer and J. R. Gradwell, editors. Dynamics of 
populations. Advanced Study Institute, Pudoc, Wageningen, The Netherlands. 
 
Dhondt, A.A., Kempenaers, B. & Adriaensen, F. (1992) Density-dependent clutch size 
caused by habitat heterogeneity. Journal of Animal Ecology 61, 643-648. 
 
Dietert, R.R., Golemboski, K.A., & Austic, R.E. (1994) Environment-immune 
interactions. Poultry Science 73, 1062-1076. 
 92 
 
Donker, R.A., Nieuwland, M.G.B. & Vanderzijpp, A.J. (1990) Heat-stress influences 
on antibody-production in chicken lines selected for high and low immune 
responsiveness. Poultry Science 69, 599-607. 
 
Encabo, S.I., Barba, E., Gil-Delgado, J.A. and Monros, J.S. (2002) Geographical 
variation in egg size of the Great Tit Parus major: a new perspective. Ibis 144, 
623-631.  
 
Feare, C.F. (1984) The starling. Oxford Press (Oxford). 
 
Flux, J.E.C. & Flux, M.M. (1981) Artificial selection and gene flow in wild starlings, 
Sturnus vulgaris Naturwissenschaften 69, 96-97. 
 
Foster S.A. & Endler, J.A. (1999) Geographic variation in behavior (Oxford 
University Press, New York).  
 
Ghalambor, C. K. & Martin, T. E. (2001) Fecundity-survival trade-offs and parental 
risk-taking in birds. Science 292, 494-497. 
 
Glick, B., Day, E.J., & Thompson, D. (1981) Calorie-protein deficiencies and the 
immune response of the chicken. I. Humoral immunity. Poultry Science 60, 
2494-2500. 
 
Glick, B., R.L. Taylor, D.E. Martin, M. Watabe, E.J. Day, and D. Thompson. (1988) 
Calorie-protein deficiencies and the immune response of the chicken. II. Cell-
mediated immunity. Poultry Science 62:1889-1893. 93 
 
Golet, G.H., Irons, D.B., & Estes, J.A. (1998) Survival costs of chick rearing in black-
legged kittiwakes. Journal of Animal Ecology, 67, 827-841. 
 
Goto, N., Kodama, H., Okada, K. & Fujiimoto, Y. (1978) Suppression of 
phytohemagluttinin skin response in thymectomized chickens. Poultry Science, 
57, 246-250. 
 
Gustafsson, L., Nordling, D., Andersson, M.S., Sheldon, B.C. & Qvarnström, A. 
(1994) Infectious diseases, reproductive effort and the cost of reproduction in 
birds.  Philosophical Transactions of the Royal Society of London B, 346, 323-
331. 
 
Gustafsson, L. & Pärt, T. (1991) Acceleration of senescence in the collared flycatcher 
Ficedula albicollis by reproductive costs. Nature 347, 279-281.  
 
Gustafsson, L & Sutherland, W.J. (1988) The costs of reproduction in collared 
flycatcher Ficedula albicolli. Nature 335, 813-815. 
 
Hasselquist, D., M.F. Wasson, & D.W. Winkler. (2000) Humoral immunocompetence 
correlates with date of egg-laying and reflects work load in female tree 
swallows. Behavioral Ecology 12, 93-97. 
 
Hemborg, C., Sanz, J.J. & Lundberg, A. (2001) Effects of latitude on the trade-off 
between reproduction and moult: a long-term study with pied flycatcher. 
Oecologia 129, 206-212. 94 
 
Henken, A.M, Schaarsberg, A.M.J.G. & Nieuwland, M.G.B. (1983) The effect of 
environmental-temperature on immune-response and metabolism of the young 
chicken 3: Effect of environmental-temperature on the humoral immune-
response following injection of sheep red-blood-cells. Poultry Science 62, 51-58. 
 
Hochachka, W. & Smith, J.N.M. (1991) Determinants and consequences of nestling 
condition in song sparrows. Journal of Animal Ecology, 60, 995-1008. 
 
Hoi-Leitner, M., M. Romero-Pujante, H. Hoi & A. Pavlova. (2001) Food availability 
and immune capacity in serin (Serinus serinus) nestlings. Behavioral Ecology 
and Sociobiology 49:333-339. 
 
Hõrak, P. (2003) When to pay the cost of reproduction? A brood size manipulation 
experiment in great tits (Parus major). Behavioral Ecology and Sociobiology, 
54, 105-112.  
 
Hõrak, P., Tegelmann, L., Ots, I. & Møller, A.P. (1999) Immune function and survival 
of great tit nestlings in relation to growth condition. Oecologia 121, 316-322. 
 
Hussell, D.J.T. (1983) Age and plumage color in female tree swallows. Journal of 
Field Ornithology 54:312-318. 
 
Ilmonen P., Hasselquist D., Langefors A., & Wiehn, J. (2003) Stress, 
immunocompetence and leukocyte profiles of pied flycatchers in relation to 
brood size manipulation. Oecologia, 136, 148-154. 
 95 
 
Ilmonen, P., Taarna, T. & Hasselquist, D. (2000) Experimentally activated immune 
defense in female pied flycatchers results in reduced breeding success. 
Proceedings of the Royal Society of London, 267, 685-670. 
 
John JL (1994) The avian spleen: a neglected organ. Quarterly Review of Biology 69, 
327-351. 
 
John JL (1995) Parasites and the avian spleen: Helminths. Biological Journal of the 
Linnean Society 54, 87-106. 
 
Kingsolver, J. &  Schemske, D.W. (1991) The measurement of natural selection by 
path analysis Trends in Ecology and Evolution 6, 276-280. 
 
Kirkley, J.S. & Gessaman, J.A. (1990) Ontogeny of thermoregulation in red-tailed 
hawks and Swainson’s hawks. Wilson Bulletin 102, 71-83.  
 
Klasing, K.C. (1998) Nutritional modulation of resistance to infectious disease. 
Poultry Science 77, 1119-1125.  
 
Kokita, T. (2003) Potential latitudinal variation in egg size and number of a 
geographically widespread reef fish, revealed by common-environment 
experiments. Marine Biology 143, 593-601. 
 
Lack, D. (1954) The natural regulation of animal numbers (Clarendon, Oxford).  
 
Lack, D. (1966) Population studies of birds (Oxford Press, Oxford).  96 
 
Lee, D.S. (1993) Range expansion of the tree swallow in the southeastern United 
States. Brimleyana 18:103-113. 
 
Li, Z., Nestor, K.E., Saif, Y.M., Anderson, J.W. & Patterson, R.A. (2001) Effect of 
selection for increased body weight in turkeys on lymphoid organ weights, 
phagocytosis, and antibody responses to fowl cholera and Newcastle disease-
inactivated vaccines. Poultry Science 80, 689-694. 
 
Linden, M., Gustafsson, L. & Part, T (1992) Selection on fledging mass in the 
Collared Flycatcher and the Great Tit. Ecology 73, 336-343. 
 
Linden, M. & Møller, A.P. (1993) Cost of reproduction and covariation of life history 
traits in birds. Trends in Ecology and Evolution 4, 367-371. 
 
Littell, R.C., Milliken, G.A., Stroup, W.W. & Wolfinger, R.D. (1996) SAS System for 
Mixed Models, SAS Institute (Cary, NC). 
 
Lochmiller, R.L., & Deerenberg, C. (2000) Trade-offs in evolutionary immunology: 
just what is the cost of immunity? Oikos, 88, 87-98. 
 
Lochmiller, R.L., Vestey, M.R. & Boren, J.C. (1993) Relationship between protein 
nutritional status and immunocompetence in Northern bobwhite chicks. Auk, 
110, 503-510.  
 97 
 
Martin, L., Pless, M., Svoboda, J. & Wikelski, M. (2004) Immune activity in 
temperate and tropical House Sparrows: a common garden experiment. Ecology, 
in press. 
 
Martin, L., Scheuerlein, A. & Wikelski, M. (2003). Immune activity elevates energy 
expenditure of House Sparrows: a link between direct and indirect costs. 
Proceedings of the Royal Society of London B Biological Sciences 270, 153-158. 
 
Martin, T.E., Martin, P.R., Olson, C.R., Heidinger, B.J., & Fontaine, J.J. (2000) 
Parental care and clutch sizes in North and South American birds. Science 287, 
1482-1485. 
 
McCarty, J.P. (2001) Variation in growth of nestling tree swallows across multiple 
temporal and spatial scales. Auk 118:176-190. 
 
McCarty, J. P. & Winkler, D. W. (1999) Foraging ecology and diet selectivity of Tree 
Swallows feeding nestlings. Condor 101, 246-254. 
 
McCarty, J.P. & Winkler, D.W. (1999). Relative importance of environmental 
variables in determining the growth of nestling tree swallows Tachycineta 
bicolor. Ibis 141, 286-296. 
 
McNamara, J.M. & Houston, A.I. (1996) State-dependent life histories. Nature, 380, 
215-Martin, T.E., Møller, A.P., Merino, S. & Clobert, J. (2001) Does clutch size 
evolve in response to parasites and immunocompetence. Proceedings of the 
National Academy of Sciences 98, 2071-2076.  98 
 
Miller, L & Qureshi, M.A. (1992) Induction of heat-shock proteins and phagocytic 
function of chicken macrophages following in vitro heat exposure. Veterinary 
Immunology and Immunopathology 
 
Møller A.P. & Erritzøe, J. (2000) Predation against birds with low 
immmunocompetence. Oecologia 122, 500-504.  
 
Møller A.P., Sorci G. & Erritzøe J (1998a) Host immune function and sexual selection 
in birds. J Evol Biol 11, 703-719. 
 
Møller A.P., Sorci G., Erritzøe J. & Mavarez, J. (1998b) Condition, disease, and 
immune defence. Oikos 83, 301-306 
 
Moreno, J., Merino, S., Potti, J., de Léon, A. & Rodíguez, R. (1999) Maternal energy 
expenditure does not change with flight costs or food availability in the pied 
flycatcher (Ficedula hypoleuca): costs and benefits for nestlings. Behavioral 
Ecology and Sociobiology 46, 244-251. 
 
Naef-Daenzer B., Widmer F., & Nuber M. (2001) Differential post-fledging survival 
of great and coal tits in relation to their condition and fledging date. Journal of 
Animal Ecology, 70, 730-738. 
 
Nager R.G., Monaghan P., Houston D.C., & Genovart, M. (2000) Parental condition, 
brood sex ratio and differential young survival: an experimental study in gulls 
(Larus fuscus). Behavioral Ecology and Sociobiology 48, 452-457. 
 99 
 
Norris, K., Anwar, M. & Read, A.F. (1994) Reproductive effort influences the 
prevalence of haematozoan parasites in great tits. Journal of Animal Ecology, 63, 
601-610. 
 
Norris, K., & Evans, M.R. (2000) Ecological immunology: life history trade-offs and 
immune defense in birds. Behavioral Ecology 11,19-26.  
 
Nur, N. (1988) The consequences of brood size for breeding Blue Tits. III. Measuring 
the cost of reproduction: survival, future fecundity, and differential dispersal. 
Evolution 42, 351–362.  
 
Ots, I., Kerimov, A.B., Ivankina, E.V., Ilyina, T.A., & Hõrak, P. (2001) Immune 
challenge affects basal metabolic activity in wintering great tits. Proceedings of 
the Royal Society of London B 268, 1175-1181.  
 
Parmentier, H.K., Yousif Abuzeid, S., De Vries Reilingh, G., Nieuwland, M.G.B., &  
Graat, E.A.M. (2001) Immune response and resistance to Eimeria acervulina of 
chickens divergently selected for antibody responses to sheep red blood cells. 
Poultry Science 80, 894-900. 
 
Partridge, L. & Harvey, P.H. (1988) The ecological context of life-history evolution 
Science, 241, 1449-1455. 
 
Perrins, C.M. (1964) Survival of young swifts in relation to brood size. Nature, 201, 
1147. 
 100 
 
Perrins, C.M. & Moss, D. (1975) Reproductive rates in the great tit. Journal of Animal 
Ecology, 44, 695–706. 
 
Perrins, C.M. (1970) The timing of birds’ breeding seasons. Ibis, 112, 242-255. 
 
Pettifor, R. A., Perrins, C.M., & McCleery, R.H. (1988) Individual optimization of 
clutch size in great tits. Nature 336, 160-162. 
 
Pettifor, R. A., Perrins, C.M., & McCleery, R.H. (2001) The individual optimization 
of fitness: variation in reproductive output, including clutch size, mean nestling 
mass and offspring recruitment, in manipulated broods of great tits Parus major. 
Journal of Animal Ecology 70, 62-69. 
 
Pitcovski, J., Cahaner, A., Heller, E.D, Zouri, T., Gutter, B., Gotfried, Y. & Leitner, G. 
(2001) Immune response and resistance to infectious bursal disease virus of 
chicken lines selected for high and low antibody response to Escherichia coli. 
Poultry Science 80, 879-884. 
 
Råberg, L., Grahn, M., Hasselquist, D. & Svensson, E. (1998) On the adaptive 
significance of stress-induced immunosuppression. Proceedings of the Royal 
Society of London B, 265, 1637-1641. 
 
Reid, J.M., Arcese, P. & Keller, L.F. (2003) Inbreeding depresses immune response in 
song sparrows (Melospiza melodia): direct and inter-generational effects. 
Proceedings of the Royal Society of London B 270, 2151-2157. 
 101 
 
Ricklefs, R. E., and M. Wikelski. (2002) The physiology-life history nexus. Trends in 
Ecology and Evolution 17, 462-468. 
 
Robertson, R.J., Stutchbury, B.J., & Cohen, R.R. (1992) Tree Swallow. The Birds of 
North America, No.11 (eds. A. Poole, P. Stettenheim, & F. Bill), Philadelphia: 
The Academy of Natural Sciences; Washington, D.C.: The American 
Ornithologists Union. 
 
Roff, D.A. (2002) Life History Evolution (Sinauer Associates, Sunderland, MA). 
 
Roitt, I. (1997) Essential immunology, London: Blackwell Press. 
 
Roitt, I., Brostoff, J., & Male, D. (1998) Immunology (Mosby, London). 
 
Saino, N., Calza, S. & Møller, A.P. (1997) Immunocompetence of nestling barn 
swallows in relation to brood size and parental effort. Journal of Animal 
Ecology, 66, 827-836. 
 
Saino, N., Calza S., Ninni P., & Møller A. P. (1999). Barn swallows trade survival 
against offspring condition and immunocompetence. Journal of Animal Ecology 
68, 999-1009. 
 
Sanz, J.J., Tinbergen, J.M., Moreno, J., Orell, M., & Verhulst, S. (2000) 
TI Latitudinal variation in parental energy expenditure during brood rearing in 
the great tit. Oecologia 122, 149-154. 
 102 
 
SAS Institute (1988) SAS STAT User’s Guide. SAS Institute, Cary, NC, USA. 
 
Sears, M.W. & Anguilletta, M.J., Jr. (2003) Life-history variation in the sagebrush 
lizard: phenotypic plasticity or local adaptation? Ecology 84, 1624-1634. 
 
Sheldon, B.C. & Verhulst, S. (1996) Ecological immunology: costly parasite defences 
and trade-offs in evolutionary ecology. Trends Ecology and Evolution 11, 317-
321. 
 
Skutch, A.E. (1949) Do tropical birds rear as many young as they can flourish? Ibis 
91, 430-455. 
 
Smith, H.G. (2004) Selection for synchronous breeding in the European starling. 
Oikos 105, 301-311. 
 
Smith, K.G. & Hunt, J.L. (2004) On the use of the avian spleen as a measure of avian 
immune strength. Oecologia 138, 28-31. 
 
Smits, J.E. & Williams, T.D. (1999) Validation of ecotoxicology techniques in 
passerine chicks exposed to oil sands tailings water. Ecotoxicology and 
Environmental Safety, 44, 105-112. 
 
Starck, J.M & Ricklefs, R.E. (1998) Variation, constraint, and phylogeny. 
Comparative analysis of growth.  In: J.M. Starck, and R.E. Ricklefs (Eds.) Avian 
growth and development. Evolution within the altricial-precocial spectrum. 
Oxford Ornithology Series, Oxford University Press, Oxford. 103 
 
Stearns, S.C. (1992) Evolution of life histories. New York: Oxford University Press. 
 
Stutchbury, B.J. & Robertson, R.J. (1988) Within-season and age-related patterns of 
reproductive success in female tree swallows (Tachycineta bicolor). Canadian 
Journal of Zoology, 66, 827-834. 
 
Sutherland, W.J. (1997). Individual behaviour, populations and conservation. In 
Behavioral Ecology. (Ed. J.R. Krebs and N.B. Davies). 
 
Taylor, R. L. J., Cotter, P. F., Wing, T. L. & Briles, W. E. (1987) Major 
histocompatibility B complex and sex effects on the phytohemagglutinin wattle 
response. Anim. Genet. 18, 343–350. 
 
Tella J.L., Bortolotti G.R., Dawson R.D., & Forero, M.G. (2000) The T-cell-mediated 
immune response and return rate of fledgling American kestrels are positively 
correlated with parental clutch size. Proceedings of the Royal Society of London 
B 267, 891-895. 
 
Thompson, C.F. and Flux, J.E.C. (1988). Body mass and lipid content at nest-leaving 
of European starlings in New Zealand. Ornis Scandinavica 19:1-6. 
 
Thompson, C.F., Flux, J.E.C., & Tetzlaff, V.T. (1993). The heaviest nestlings are not 
necessarily the fattest nestlings. J. Field Ornithol. 64:426-432. 
 
Verhulst, S., Balen, J.H.V. & Tinbergen, J.M. (1995) Seasonal decline in reproductive 
success of the great tit: variation in time or quality? Ecology, 76, 2392-2403. 104 
 
Visser, G.H. (1998) Development of temperature regulation. In: J.M. Starck, and R.E. 
Ricklefs (Eds.) Avian growth and development. Evolution within the altricial-
precocial spectrum. Oxford Ornithology Series, Oxford University Press, 
Oxford, pages 117-156. 
 
Warner, C. M., Meeker, D. L. & Rothschild, M. F. 1987 Genetic control of immune 
responsiveness: a review of its use as a tool for selection for disease resistance. J. 
Anim. Sci. 64, 394–406. 
 
Wikelski, M., Spinney, L., Schelsky, W., Scheurlein, A. & Gwinner, E. (2003) Slow 
pace of life in tropical sedentary birds: a common-garden experiment on four 
stonechat populations from different latitudes. Proceedings of the Royal Society 
of London B. 270, 2383-2388. 
 
Williams GC (1966) Natural selection, the cost of reproduction and refinement of 
Lack’s principle. Am Nat 100, 687–690. 
 
Williams, G.C. (1994) Adaptation and Natural Selection. Princeton University Press, 
Princeton. 
 
Williams, G.C. (1992) Natural selection. Oxford Press. 
 
Winkler, D.W. (1985) Factors determining a clutch size-reduction in California gulls: 
a multi-hypothesis approach. Evolution 39:667-677. 
 105 
 
Winkler, D. W. (1991) Parental investment decision rules in tree swallows:  parental 
defense, abandonment and the so-called Concorde Fallacy.  Behavioral Ecology 
2, 133-142. 
 
Winkler, D.W. (2000) The phylogenetic approach to avian life histories: an important 
complement to within-population studies. Condor, 102, 52-59.  
 
Winkler, D.W. & Allen P.E. (1996) The seasonal decline in tree swallow clutch size: 
physiological constraint or strategic adjustment. Ecology, 77, 922-932. 
 
Winkler, D.W. & Wilkinson, D.S. (1988) Parental effort in birds and mammals theory 
and measurement. Oxford Surveys in Evolutionary Biology (eds. L. Partridge & 
P.H. Harvey). Oxford University Press, Oxford. 
 
Winkler, D.W. and K. Wallin. (1987) Offspring size and number a life history model 
linking effort per offspring and total effort. American Naturalist 129:708-720.  
 
Wright, J., Both, C., Cotton, P.A. & Bryant, D. (1998) Quality vs. quantity: energetic 
and nutritional tradeoffs in parental provisioning strategies. Journal of Animal 
Ecology, 67, 620-634. 
 
Young, B.E. (1996) An experimental analysis of small clutch size in tropical house 
wrens. Ecology 77, 472-488. 